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INTRODUCTION 
The concept of an orbital, internal centrifuge has been evaluated as a facility 
for experimentation and research by several successive NASA studies. The objective 
of this activity has been to : 
1. Define a facility for early orbital application which can be used to acquire 
information for mission planning and for the design of advanced space 
vehicles. 
2. Evaluate new ways by which man's existence in the space environment can 
be supported. 
3. Provide a concept' which will advance general scientific knowledge in experi- 
mental areas that cannot be duplicated on earth. 
In the initial study, NAS1-7309, an internal centrifuge concept was evolved which 
was based mainly on the performance of Vestibular and Cardiovascular experiments 
against a background of progressive test subject exposure to weightlessness. This configura- 
tion, shown by Figure 1, was used as a model in an analytic determination of feasibility 
in terms of weight, volume, dynamic stability, power, reliability, safety, technology 
requirements and cost. Feasibility having been established by this work, a redesign 
was undertaken in contract NAS1-8751 which increased the installation flexibility of 
the machine and expanded its experimentation capability. This was accomplished by 
providing a passageway through the center of the machine for spacecraft traffic, evol- 
ving the experiment room concept and packaging experiment equipment for use within 
the room. This concept is also illustrated by Figure 1. The capability of the machine 
was increased at this time to include crew-performance-orientated experiments such 
as walking, bench tasks and personal hygiene. 
In the present study, the scope of experiment work to which the internal centri- 
fuge may be applicable has again been expanded, in this case, to include the full range 
of experimentation with regard to artificial-g and zero-g information which is of 
interest to NASA in the planning of advanced missions and space vehicle configurations. 
Study Program Objectives 
The central objective of this study is to provide planning information in the form 
of detaiIed comparisons between the use of on-board, orbital centrifuges and alterna- 
tive methods of acquiring information relative to artificial-g/zero-g questions for 
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Figure 1. Previous Orbital Centrifuge Conceptual Designs. 
advanced spacecraft. Cost factors, in particular, are emphasized in these compari- 
sons. This planning information, which will contribute to the total information upon 
which NASA will base its determinations and judgments for possible future work in 
manned space flight, also includes comparisons in terms of weight, volume, data 
quantity, data relevance, crew time and other factors which affect experiment program 
decisions. 
Study Approach 
The approach used in the study is diagramed by Figure 2. A s  is illustrated, 
study work was based on two initial definition tasks, one of which defined the Experi- 
ment Performance Options (specified vehicle and equipment models which are used to 
perform the experiments), and the other which identified the experiment group or  list 
of experiments which are to be performed by use of the Experiment Performance 
Options. 
Experiment Performance Options (EPOs) - The EPOs adopted are  identified 
here and throughout the study documentation by the lower case alphabetical designa- 
tion indicated. 
a) A simple, rudimentary, low cost rotational device installed in a Skylab. 
b) A versatile centrifuge, with maximum experimentation capability, install- 
ed in a Skylab. 
c) An orbital research centrifuge characterized by complexity fand cost) 
which is between that of EPOs 'a' and 'b', installed in a Skylab. 
d) A version of Skylab which is rotatable about its center of gravity. 
e) A rotatable early Space Station. 
el) A rotatable early Space Station with a large counter rotating volume a t  
the center of spin. 
Two combination EPOs are also treated in the comparisons and a re  defined 
as:' 
(brd) EPO 'b' centrifuge, the most versatile centrifuge, installed in a 
rotatable version of Skylab (EPO Id1). 
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Figure 2. Study Task Organization. 
w e )  EPO 'bt centrifuge, used in conjunction with a rotatable Space Station. 
(Differences between modular or integral installation of the centrifuge 
are not considered here. ) 
Additional EPOs, which consider supplementary designs and "Shuttle-only" 
configurations are treated in a separate volume of the report, Vol 111. 
Experiment Group - In the early portions of the study, an attempt was made to 
establish groups of experiments based on relevance to possible future spacecraft in- 
formation requirements. Such experiment groups would then serve to define require- 
ments for EPOs 'a', 'b', and 'c'. This approach became unnecessary when the recom- 
mendations of the NASA Artificial Gravity Experiment Committee (Chaired by Mr. John 
Hammer smith) became available. The study methodology, however, proved to be quite 
useful and is included in the report as Appendix A. 
The experiment group adopted, then, consists of the Artificial Gravity Committee 
recommended experiments together with certain other experiments which previous 
studies have disclosed as being "Centrifuge Applicable. ' I  These experiments were then 
sub-categorized and assigned an alphanumerical designation for use throughout the 
study. 
Three major categories of experimentation are represented: 
CATEGORY I - MEDIcA L/PHYSIOLOGICA L 
CATEGORY I1 - PERFORMANCE 
CATEGORY I11 - HABITABILITY 
Sub-categories of experimentation under each of these main topics were also assigned 
and are identified by Tables 1, 2 and 3. 
Individual experiments in each sub-category containing more than one experiment 
are further designated by a lower case letter (a, by c, etc. ) as, for example, 1-1. la ,  
which identifies the experiment as an "Oculogyral Illusion" measurement, sub-category 
"Tolerance to Angular Velocity-Vestibular and Related Phenomena, " and belonging in 
the "Medical/Physiological~ category of experimentation. 
Experiment Preliminary Design - Redesign of certain experiments in the basic 
Experiment Group (identified by subscript 1) was performed as necessary. In a number 
of experiments, changes in the protocol or sequence of operations appeared to provide 
better information return and these modified experiments are identified by a subscript 
2. In view of the fact that the NASA Artificial Gravity Experiment Program was 
Table 1. Experiment Group Categories. Table 2. Experiment Group Categories. 
CATEGORY I - MEDICAL/ 
PHY SIO LOGICA L 
1.0 TOLERANCE TO ANGULAR 
VELOCITY 
1.1 Vestibular & Related Phenomena 
1.2 Neurophysiological Functions 
1.3 Higher Mental Functions 
2.0 TOLERANCE TO RAPID CHANGE 
OF ROTATION 
2.1 Passive Transition 
2.2 Active Transition 
3.0 EFFECTS OF PARTIAL-G ON 
BODY FUNCTIONS 
3.1 Cardiovascular System 
3.2 Fluid Balance 
3.3 Skeletal 
3.4 Pulmonary Function 
3.5 Renal Function 
4.0 ZERO GRAVITY 
4.1 Agravic Syndrome 
4.2 Physiological Acclimatization 
to Zero-g 
5.0 PHYSIOLOGICAL 
RECONDITIONING 
5.1 Tolerance to Angular Velocity 
5.2 Cardiovascular System 
5.3 Fluid Balance 
5.4 Skeletal 
5.5 Pulmonary Function 
5.6 Renal Function 
6.0 SPACE SICKNESS 
CATEGORY II- PERFORMANCE 
1.0 SELF LOCOMOTION 
1.1 Minimum-g for Locomotion 
1.2 Maximum Walking Speed 
1.3 Effect of Crew on Station Stab. 
TRANSITION FROM ARTIFICIA L-G 
TO ZERO-G 
2.1 Transition from Rotation to 
Zero-g 
2.2 Transition from Zero-g to 
Rotation 
2.3 Transition from Rotation to 
Zero-g to Counter-rotation 
CARGO HANDLING 
3.1 Max. Weight Change Tolerance 
3.2 Max. Coriolis Tolerance 
3.3 Max. Cross-Coupled Accelera- 
tion Tolerance 
3.4 Max. Combined Effects Toler. 
GROSS MOTOR PERFORMANCE 
4.1 Verify Ground-Based Time 
Line 
FINE MOTOR PERFORMANCE 
5.1 Performance (M508) 
5.2 Maintenance Assy/~is-assy . 
TAXIS 
6.1 Coordinated Limb Motion and 
Postural Equilibrium 
PASSIVE RADIAL LOCOMOTION 
BIO-SCIENCE CENTRIFUGE 
EXPERIMENT SUPPORT 
SKILLS RETENTION 
I 
Table 3. Experiment Group Categories. 
CATEGORY III - HABITABILITY 
1.0 EATINGANDFooD ( 7. o WASTE MANAGEMENT 
PRE PARATION 
2.0 GARMENTS AND LAUNDRY 
3.0 HOUSEKEEPING 
4.0 PERSONALHYGIENE 
5.0 SLEEPING 
6.0 OFF-DUTY ACTIVITIES 
1 8.0 STOWAGE CONCEPTS 
9.0 FURNITURE AND 
ACCOMMODATIONS 
I 10.0 ENVIRONMENTAL CONTROL SYSTEM 
11.0 DISPLAYS AND CONTROLS 
modeled for application to large, rotatable space vehicles (EPOs 'dl and 'el) redesign 
was necessary in order to adapt the experiments to the short-radius machines. In 
these cases, the objective of the original experiment was maintained. These rede- 
signed experiments are identified by a subscript 3 throughout the report. 
Conceptual Design of E PO Equipment and Installation - Two distinct approaches 
were involved in defining the analytical models of the EPOs. In the case of the internal 
centrifuges, designs were based on an arbitrary reduction in performance capability 
and complexity using EPO (b) as the baseline. These reductions were selected accord- 
ing to criteria which would normally influence cost. In this way, point design cost 
sensitivity evaluations we.re achieved and some appreciation of the accuracy of the 
cost estimating technique was obtained. In the case of EPOs 'dl and let, current phase 
A study results were utilized and supplementary lconceptual design was introduced to 
clarify areas of special interest to this study. A s  an example, counter-rotating com- 
partments for E m s  'el and 'e' prime were not detailed in the models supplied by 
North American/Rockwell and were defined by conceptual design so as to adequately 
support the cost analysis and other comparisons required. 
Information Matrices - A s  indicated by Figure 2, all study information has been 
summarized and displayed in chart form in a manner which is most suitable for assimi- 
lation and interpretation by individuals concerned with artificial-g/weightlessness experiment 
program planning. 

EXPERIMENT PERFORMANCE OPTION DESCRIPTIONS 
EXPERIMENT PERFORMANCE OPTION lat - SIMPLIFIED ROTATING DEVICE 
General Description 
The EPO 'at configuration concept is a system of two arm structures, attached 
to a rotating hub, that interfaces with the Skylab structure through a system of rollers. 
On one of the arms ismounted an articulating couch of the same basic design a s  that 
used on the baseline 0. R. C. (Ref. NASA CR66830). An adjustment capability is incorpo- 
ated in the couch arm structure to permit rotation of the couch about its radial axis. 
This feature provides for 15' incremental positioning of a test Subject about his Z-axis 
in support of the coupled angular velocity experiments. The couch assembly is also 
adjustable radially from 48 inches to 77 inches as  measured from the Subjects head. 
Both this adjustment and the roll adjustment are manually performed and must be lock- 
ed into a fixed position prior to rotation of the centrifuge. 
Static balancing of the simplified centrifuge is accomplished by a manually 
positioned counterweight which is assembled on the opposing arm structure. Position- 
ing of the counterweight is determined, prior to spinup, on the basis of couch position 
and the mass of the test subject and his equipment. A major portion of the counter- 
weight mass is composed of batteries and power distribution equipment. 
A retractable shroud is also provided on the simplified centrifuge to ensure test 
Subject isolation from any visual cues from the surrounding environment. 
Installation 
Based on an evaluation of the presently defined Skylab configuration, there appears 
to be no major problems associated with its incorporation into Skylab. Three potential 
installations areas were considered a s  is illustrated by Figure 3 . 
1. On the lower side of the proposed third floor level. 
2. On the upper side of the third floor level. 
3. IntheL02tankarea.  
Installation No. 1. - This installation occupies an open area above the second 
floor equipment and would be hub mounted to a third floor at the center access hole, As 
illustrated, if the third floor could be raised by approximately 20 inches, the static centri- 
fuge could be almost completely stored outside of presently allocated space envelopes. 
I 
Figure 3. EPO 'a' - Simplified Rotating Device. 
Installation No. 2. - This approach would require considerably more modification 
to the proposed third floor configuration, but would be safer from a crew standpoint 
since the centrifuge apparatus could be isolated. 
Installation No. 3. - Utilization of the Skylab LO2 tank area would be ideal for 
installation of the centrifuge. The chamber volume is large enough to facilitate all of 
the experiment apparatus and could be reconfigured to still provide the necessary waste 
volume of 600 ft3. A modification of this magnitude, however, is probably not compat- 
ible with the concept of a simplified rotational device. 
Subsystems and Equipment 
Roller Support System - Rotational support of the EPO 'a' centrifuge is provid- 
ed by a system of 12  rollers spaced at 60" intervals around a fixed structural support 
ring which is attached to a tubular access structure in the Skylab floor. The roller 
assemblies are  canted at 15" to capture the drive ring assembly and react both radial 
and thrust loads. 
Rotational Drive Unit - Attached to the periphery of the fixed roller support ring 
is a segmented ring gear which interfaces through a drive pinion with a harmonic drive 
unit. The 0.6 H P  drive motor which is integrated into the harmonic drive would be 
powered by the rechargeable batbry package incorporated into the counterweight. 
Counterweight Positioning Mechanism - A manually operated gear box is incorpo- 
rated into the counterweight arm structure adjacent to the drive ring attachment. This 
unit is designed to extend and retract the counterweight/battery unit by controlling the 
position of two steel tapes which are attached a t  the opposite ends of the counterweight 
package. The unit is limited to a fixed number of revolutions as  a function of the tape 
lengths. A secondary output from the gear box assembly provides a mechanical drive 
to the counterweight position indicator located next to the positioning lever. 
Couch Assembly - The couch assembly is a foldable structure which can be 
deployed to provide Bubject restraint in either a standing o r  sitting position. A head 
restraint frame is incorporated into the couch design to provide for controlled head 
movements. Attachments can be provided to support a work table and/or experiment 
apparatus. Also attached to the couch is a small portable console which provides the 
test Subject with drive system control, illumination control and accessory outlet for 
experiment instrumentation and voice communication. 
Shroud Assembly - The shroud assembly is attached to the couch support 
structure and is composed of a tightly woven beta cloth, o r  equivalent, which is formed 
into an expandable hood by a series of U-shaped ribs. The shroud will completely 
restrict the test Subjects visibility from the surrounding environment, and is manually 
operated by the subject from any couch setting. 
Structural Considerations - It  has been assumed that this simple centrifuge will 
be mounted to some form of tunnel structure with a clear passage of 42.0 inches dia- 
meter. No attempt has been made to define this structure except to identify the require- 
ment for a stationary ring to which the centrifuge drive ring and system is assembled. 
Figures 4 and 5 show the structural design 06 the couch support frame. This 
frame is bolted to the drive ring using an aluminum flanged tubular fitting. The fitting 
acts as an external journal for a steel tubular shaft that is threaded at  its inboard and 
flanged at its outboard end. At each end of this shaft slide rings are insetted to form a 
bearing assembly that permits roll adjustment. The steel shaft is bolted to the frame 
structure at the outboard end and attached to the flanged fitting by a locknut. Between 
the locknut and the flanged fitting is a slide washer that acts as  a thrust bearing. The 
couch frame assembly can be rolled using the bearing assembly and is capable of being 
locked in 15" increments using lockpins through the outboard flange of the external fit- 
ting into the couch frame end bulkhead. 
The couch frame consists of a one-piece bolted and bonded assembly incorporating 
slide tracks for positioning the test subjects couch. The geometry of the couch frame 
is dictated by anthropometric considerations, and the need to place the c. g. of the test 
Subject on the roll axis. The result is the shape shown in Figure 4 . The 52.0 inch 
box section is made with bead stiffened sidewalls and each sidewall has three longitudin- 
al angle stiffeners. The aluminum alloy tracks are mechanically fastened to both the 
sidewall and to the upper stiffener. A horizontal web is attached to the middle stiffener 
which lays just below the tracks. Either an access door or closing webs attached to the 
lowest stiffener complete the box structure. This box structure accomodates electronic 
and system equipment which is mounted on the horizontal web. 
An open channel structure attaches the box section to the roll bearing assembly. 
The channel shape is required to accomodate the test 8ubjectfs head when he is in the 
fully retracted position. The channel structure is stiffened with a series of cross webs. 
The major structural members are four longerons generating from the end bulkhead 
and terminating on the two upper and two lower stiffeners. These longerons are made 
from graphite epoxy and are integrally bonded into the sidewall structure. All of the 
remainder of the couch frame structure with the exception of the tracks is made from 
E glass/epoxy. 


The counterweight arm structure shown in Figures 6 and 7 is attached to the 
drive ring opposite the couch frame structure by a pair of machined fittings. These fit- 
tings are arranged to accept the four counterweight track sections and are covered to 
form a box structure which encloses the rotational drive system, the tape drive and 
counterweight positioning mechanism. Upper and lower pairs of tracks are each connect- 
ed with a bead stiffened web. The outboard end of the structure is also webbed. This 
web is attached to both the upper and lower webs. 
Electronic equipment and batteries used as  the counterweight are housed in a 
sheet metal structural' box. Access is provided the batteries and the equipment by two 
side hinged doors. Eight slide assemblies attached to the counterweight structure 
enable it to be moved freely along the tracks. Control of the location of the counter- 
weight is by a manually driven tape drive. 
Design Analysis of Experiment Performance Option lat Centrifuge 
This analysis covers the couch frame structure only. It  has been determined by 
comparison with the NAS1-8751 centrifuge that the counterweight arm will be structurally 
adequate for the range of experiments possible with this machine. Preliminary analysis 
of the rotational drive ring showed that there is adequate stiffness both in a bending and 
a torsional mode. The analysis shown here will review only the roll pivot bearing 
assembly and the basic box structure of the couch frame. 
The following assumptions apply: 
a. That the test Subject may have 1-g applied at his c. g. in any orientation 
over the range of couch travel. 
b. Maximum c.g. location for Subject and couch is 101 inches. 
c. Experiment and ground loads are combined. 
The loads are based on the following weight estimates: 
Couch Support Structure 37 
Couch 
Man 200 
-
Total 262pounds 
Side load for 1.0 second emergency stop. 
pyb0l) = Momentum 
Arm x Time 


Angular velocity for 1.0 g at test Subject's C. G. at 101 inches. 
- 
rads 1.80 -
sec 
- 
 123 lbs ult. 
Vertical load due to ground test (1.0 g) 
- 
 390 lbs ult. 
Principal load 
- 408 lbs ult. 
Bending on pivot shaft 
408 Ibs R1 
MomM. = 66.5 x 408 
- 28,200 in. lbs. 
The shaft is 2.0 diameter with .080 walls where: 
Then for the bending load only 
O t  = 122,000 psi 
This stress must be combined with the centrifugal axial load 
P = 390 lbs 
z 
- 
390 
- - =  780 psi 
a+ -50 
Total ot = 122,000 c 780 
= 122,780psi 
For 160,000 heat treat 4340 steel 
M.S. -  160,000 -1 = +.30 123,000 
Check deflection of this shaft under limit loads 
where P = 2500 lbs 
L = 7.25 inches 
E = 28 x lo6 psi 
= -0492 inches 
The natural frequency of this shaft under this limit load is given by 
f n - a n  ( = ( )  = 4.15 ws 
The maximum operating or  forcing frequency of the machine for this EPO is 
.45 cps 
This indicates that there is enough separation beheen the natural and operating 
frequencies. 
Check on cross section adjacent to shaft 
M = 28,200 in. lbs (resultant of ground test and 1.0 sec stop) 
In plane of structure = 28'200 = 32,500 in. lbs Cos 30" 
Y 
.30 in 
Longerons 
= 4600 psi 
Add ot due to Pz 
- - 
 
a 
390 = 325 psi 
t z 
1-20 
Total at = 4925 psi 
Stress level is not critical 
Consider deflection of this structure if the four longerons are made from Graphite/ 
6 Epoxy with a modulus of 29.5 x 10 psi. 
Deflection for structure as a simple beam under limit load 
282 x 66.5 
3 
6 = 6 = .0286 inches 
3 x 29.5 x 10 x 31.8 
Natural frequency at this load 
/2 
f = 5.42 cps 
n 
This is satisfactory for this structure. 
E X P E m E N T  PERFORMANCE OPTION 'ar CHARACTERISTICS 
Detail Weight Breakdown 
Couch Support Frame Weight 
Side Frames and Fittings 13.6 
Skin Panels, Webs, etc. 26.95 
Roll Adjustment Assembly 4.45 
Couch (Ref. ORC-Baseline) 25.00 
Hub and Equipment 
Ring-Track and Shrouds 31.5 
Drive System and Controls 23.0 
Counterweight System 
Support Frame 
C. W. and Batteries 
Man 
Fixed Elements 
Roller Support Ring 
Roller Assemblies 
Control Console 
Experiment Apparatus 
Cardiovascular 
Vestibular Effects 
Wokk Bench 
Totals 
45.00 
200.0 200.0 
Total Rotating Weight = 641.5 
10.0 
20.0 40.0 
10.0 
Total Centrifuge Weight = 748 lbs. 
s 
Weight Summary and Mass Distribution 
Mass Moments of Inertia 
Case #1 - Couch Fully Extended 
Fixed Elements 2,198 
(ft2) 
z2 
29.3 
3.8 
12.8 
70.5 
36.0 
64 
* 
Rotating Elements 
Couch Support Syst. 
Hub System 
C.W. Frame 
Man & Equip. (Case #1) 
Man&Equip. (Case#2) 
C.W. Syst. (Case #2) 
Man & Equip. 16,460 
TI (lb. ft2) 
1,420 
207 
571 
16,460 
8,810 
18,048 
(lbs) 
Wt 
45.0 
54.0 
36.0 
225 
- 
281 
Totals 
Ixx -4- 10 = 
C. W. System 18,048 
36,706 lb. f t  2 
641.5 
1,320 
207 
460 
15,750 
8,100 
18,000 
I = 36'706 
= 1,142 s lugft  2 32.16 
100 
- 
111 
7 10 
710 
48 
Case #2 - Couch a t  Minimum Radius 
Fixed Elements 2,198 
Man & Equip. 8,810 
C.W.System 10,268 
21,276 lb. f t  2 
I = 21,276 = 662 slug ft 2 32.16 
Power Requirments 
Case #1 - 1-g at  Subjectas Head (77" maximum Radius) 
I = 1142 slug ft2 
CL = .1 ~ a d / s e c ~  
= 2.24 Rad/sec = 21.4 R.P.M. 
g = 1.33 @ Subject's C. G. - 10lf t  
Eff = 85%' 
Momentum - I u 
Mo = 1142 x 2.24 = 2560 ft. lb. sec. 
Torque = I a = 1142 x .1 = 114.2 ft. lbs. 
Peak Power = .547 x 745.7 = 408 watts 
Case #2 - 1-g @ Subject's Head (48" minimum Radius) 
I = 662 slug f t  2 
CL = .1 Rad/sec2 
w = 2.835 Rad/sec = 27.1 R. P.M. 
g = 1.5 @ Subject's C. G. - 72" 
Eff = .85% 
Momentum = 662 x 2.835 = 1875 ft. lb. sec. 
Torque = 662 x , 1 = 66.2 ft. lbs, 
Peak Power = .4 x 745.7 = 300 watts. 
EXPERIMENT PERFORMANCE OPTION 'b' - BASELINE ORC OPTION 
General Description 
The ORC configuration, developed under Contract NAS 1-8751, was upgraded to 
provide adaptability to the artificial gravity experiments defined by the ~ASA/Hammer- 
smith Study Committee. The primary modification to the baseline configuration was to 
provide a second system of counterweights which enable the test Subject to make tran- 
sitions from the zero-g station environment to the rotational - g environment while the 
centrifuge is in motion. 
Additional modifications were also made to mount the main drive system on the 
non-rotating side of the centrifuge and to provide a hub driven generator system on the 
rotating structure to supplement the on-board batteries. This increased capability, 
coupled with habitation equipment (bed, work surfaces, waste collection, etc. ) , which 
can be installed in the experiment chamber, will enable prolonged stays in the centri- 
fuge to support habitation studies. The arrangement of the habitation equipment 
within the centrifuge is shown in Figure 8. 
Provision was a1 so made for an additional experiment package which enables 
passive radial translation of a Subject while the centrifuge is in motion and permits 
vestibular studies with the Subject positioned on the spin axis. 
Installation 
The ORC was originally configured for installation in a 260-inch diameter 
MORL concept, space station. It is therefore easily adaptable to the Skylab 
Station concept. Several installation locations within the Skylab were evaluated, the 
most promising of which are shown in Figure 9 . 
Installation No. 1. - This installation requires that the forward dome area be 
reconfigured with a tubular truss structure which would provide a rigid drive platform 
for the centrifuge. A rearrangement of the water bottles and some of the experiment 
storage equipment, which are presently associated with the Skylab B third floor install- 
ation, would also be required. It was assumed that the modification weight of adding 
the ORC could be partially cancelled out by integrating those experiments which are 
presently planned for Skylab 11, and are adaptable to the ORC, into the centrifuge 
program. If this assumption is valid, the centrifuge installation would fall within the 
available payload margin of Skylab and could therefore be launched concurrently. 
Installation No. 2. - Another potential location for installation of the ORC in 
Skylab is in the LO2 tank. Since this volume is now defined a s  a trash disposal area, 


this approach would require a re-evaluation of the waste storage problem. A waste 
storage volume of 650 f t3 can be provided by installing a secondary bulkhead structure 
in the lower section of the LO2 tank. The isolated volume above this bulkhead could 
then be utilized to house the centrifuge experiment equipment. This installation would 
allow the centrifuge chamber to be closed off from the rest  of the Skylab environment 
during periods of non-use. 
Subsystems and Equipment 
Primary Drive Modifications -- The same basic drive motor and components a s  
developed for the NAS 1-8751 baseline centrifuge a r e  used on the EPO 'bl Drive Sys- 
tem. Changes to the drive train a re  illustrated in Figure 10. The segmented ring 
gear was moved from the roller support ring to the rotating drive ring. A modifica- 
tion to the roller support ring was made to permit installation of an interface pinion 
gear which will be precision matched to the segmented internal ring gear. The drive 
motor and brake assembly has been modified to mate with the male spline-end of the 
interface pinion and is mounted on a bracket which has been added to the roller support 
ring. 
Generator Drive - To provide power for the prolonged stay tiimes during the 
habitibility experiments, a 30 volt - 1500 watt generator was mounted on rotating drive 
ring in the same location a s  the former drive unit. The generator "is driven through a 
speed increasing gear train which interfaces with a second, segmented ring gear on the 
roller support ring. 
Generator output is used to maintain the onboard battery system through a 
battery charge /sequence controller unit. 
Secondary Counterweight System - The two room counterweight systems are  
electronically tied together to ensure simultaneous operation. With an empty room 
condition the counterweights are  in the fully extended position. As the test Subject 
boards the rotating centrifuge, and makes his transition into the room chamber, the 
counterweights will retract as  a function of drive signals from the balance sensor net- 
work. The counterweight mass is composed of additional storage batteries, in support 
of the long duration testing, and the necessary electronics and drive components. 
Counterweight Drives - Mechanical positioning of the counterweights is accom- 
plished by a fixed length cable system operated over a single drive sheave. The drive 
sheave is driven by a worm drive assembly which is powered by two counter -rotating, 
brushless D. C . , fractional HP motors. Drive units are provided for each counter- 
weight assembly and are  synchronized electronically to assure symmetry. 
Generator 
Primary Drive Ring 
Gear Box Assembly 
Figure 10. Primary Drive Mechanism 
Figure 11 shows this mechanism. 
Experiment Equipment - This configuration provides the maximum flexibility 
commensurate with the defined centrifuge /artificial-g experiments. As presently 
invisioned, the ORC would be initially launched with individually packaged baseline 
experiments. Supplemental experiments would then be launched on a scheduled basis 
and integrated into the ORC. This approach would enable maximum utilization of the 
centrifuge experiment facility. The identifiable experiment packages which have thus 
far been evaluated are as  follows: 
Experiment Package Weight 
1. Mobility and Balance 8 lbs. 
2. Work Bench Performance 20 lbs. 
3. Hygiene and Personal Care 30 lbs. 
4. Cardiovascular and Vestibular Effects 40 lbs. 
5. Active and Passive Radial Translation 17 lbs. 
6. Habitability 85 lbs. 
Total 200 lbs. 
Detail equipment breakdowns for the first four experiment packages were esta- 
blished during the NAS1-8751 Study Contract. The two additional experiment packages 
were established during this study effort and relate to the ~ASA/Hammersmith Commit- 
tee Report. 
Habitability Experiment Equipment 
Item 
-
Chair /Couch System 
Work Cabinet 
Recreation Equipment 
Hygiene ~quipment 
Weight 
20 lbs. 
25 lbs. 
10 lbs. 
10 lbs. 
Food Preparation and Storage 15 lbs. 
Emergency and Safety Equipment (fire 15 lbs. 
extinguishers, oxygen bottles, first aid, etc.) 
Total 85 lbs. 

Note: It is assumed that all expendables and special equipment, which will be 
passed in and out of the centrifuge during the habitability experiment, 
would be furnished by Skylab and would not be considered a part of the 
experiment package. 
Active and Passive Radial Translation Experiment Equipment 
Item 
-
Weight 
Ladder 10 lbs. 
Tension Tie Drive 5 lbs. 
Room Fittings 2 lbs. 
Total 17 lbs. 
Structural Considerations 
The major structural difference in this EPO and the basic NAS 1-8751 centri- 
fuge is the addition sf the room counterweight system. Basically, the addition 
consists of a pair of frame structures mounted to either side of the experiment 
chamber and attached at  their inboard ends to the vertical posts of the hub. These 
frames accommadate the counterweights which slide radially in tracks. The frame 
structure, Figure 12, consists of four track sections 75.0 inches long held in position 
by machined 2nd fittings 5.50 inches wide and 30.0 inches deep. The counterweight 
position cables a re  attached to horizontal webs in the end fittings; these webs also act a s  
stiffeners. Both the upper and the lower pairs of tracks are  joined together by sheet 
metal stiffened webs. An inboard channel shaped support fitting attaches the frame 
structure to the posts in the hub structure. A saddle fitting attaches the frame at the 
outboard end to the transition splice joint in the experiment chamber. 
The counterweight structure, Figure 13, is basically a sheet metal box that 
accommodates batteries and electronic equipment. The mass of these is used a s  the 
counterweight. The counterweight structure also houses the cable drive mechanism 
used to traverse the counterweight along the four tracks. The box structure which is 
approximately 4.50 by 8.25 by 26.0, is divided into three compartments, the upper 
section houses both batteries and electronic equipment, the lower compartment only 
batteries. The center compartment houses the cable drive mechanism. Access to 
both battery compartments is through hinged panels, to the cable drive mechanism 
through a bolted access door. The slide assemblies are  bolted to integrally machined 
fittings built into both the upper and lower ends of the counterweight structure. 


A slight redesign of the hub structure is necessary to allow the centrifuge to be 
installed in the Skylab. Access to the Skylab LH2 tank is constrained by a door cut in 
the sidewall and located between the two floors. The door is used primarily in the 
manufacturing process and facilitates installation of internal equipment; it is not 
intended for access to the Skylab on the launch pad. The dimensions of the opening 
are 35.5 x 52.0; the ends are semicircular with a radius of 17.75 inches. The centri- 
fuge can be placed through this opening only if it is separated into subassemblies. 
The experiment chamber can be passed through in pre-assembled sections, the swing 
frame complete with balance system is small enough to pass through the opening. 
The hub structure, with its drive system, is the most dimensionally critical of the major 
components which will not pass through the opening in one assembly. It must be broken down 
into subassemblies in such a way that it's function is not compromised. These sub- 
assemblies consist of two hub ring assemblies, the three posts and a drive ring assembly. 
A slight redesign from the NAS 1-8751 centrifuge hub willenable the subassemblies to be 
made. This redesign is shown in Figure 14. The hub ring assembly consists of two 
channel shaped rings with an inner and outer skin. At each of the three sensor locations 
is an.1-shaped post fitting and two channel fittings.   he post assemblies consist of a 
pair of channel fittings and an I-shaped fitting matching the locations of the similar fit- 
tings on the hub ring. The posts are skinned on both inner and outer surfaces with an 
access hole and cover panel provided a t  both the upper and the lower ends on the outer 
surface only. The post and the ring assemblies are assembled together using tension 
bolts and barrel nuts. The access holes enable these bolts to be installed at the post 
fittings. The channel fittings are open and their attachments are accessible. The hub 
assembly is complete when the access frame channels and corners are added. 
Structural Analysis - No structural analysis was performed on the room counter- 
weight frame structure, which is the only change from the basic structure previously 
analyzed and reported for the NAS 1-8751 centrifuge. In the Experiment Performance 
Option 'bl, the lower counterweight mass produces lower maximum loads and stiffness 
requirements than were required for the swing frame from which the track cross- 
sections were taken. The weights shown in the following paragraphs use these cross- 
sections and the design details shown in Figure 12. 

EXPERIMENT PERFORMANCE OPTION 'b' CHARACTERISTICS 
Detail Weight Breakdown 
Item 
-
Exp. Chamber (Ref. NAS 1-8751) 
Floor 
Room 
Hub and Equipment 
Structure 
Balance System 
Pivot C.W. Systems 
Power Gen. and Controls 
Communications and Control 
C . W. Translation Dr. 
Swing Frame Structure 
Room R.H. C.W. - Frame 
Room L.H. C.W. - Frame 
Room C .W. @. H.) - 60 lb. Baa. 
Ro0mC.W. (L.H.) - 60 lb. Baa. 
Primary C. W. Sys. (80 lb. Baa) 
Water 
Man and Equipment 
Man 
Couch System 
Support Frame or  Equipment 
Totals 
132.0 
200 
25 247.0 
22 
Total Rotating Weight 1,296.9 lbs. 
Weight Summary and Mass Distribution 
ORC Rotating Elements 
2 2 Item 
- I Wt. I Z ( F t ) (  Ixx + l o =  
Exp. Chamber 
Hub and Equipment 
S-Frame 
Room - C.W. Frames 
Room - C. W. (Retracted) 
Room - C. W. (Extended) 
Primary C . W. (Extended) 
Primary C . W. (Retracted) 
Water 
Man and Equip. (Max. ) 
Man. Incl. Frames (Min. ) (245 11 
11,296.9 1 
*Frame Wt. only 
Mass Moments of Inertia 
Case 1. - Room Empty (Minimum Condition) 
Fixed Elements = 15,457 
Room C . W. (Extended) = 11,345 
Primary C. W. (Ret. ) = 1,836 
Water = 5,905 
Total I = 34,543 1b-ft 2 
= 1,074 slug-ft 
Case 2. - Room with Subject on Floor in Supine Position (Maximum Condition) 
Fixed Elements = 15,457 
Room C.W. (Ret.) = 1,115 
Primary C . W. (Extended) 9,476 
Water = 5,905 
Man and Equipment = 17,710 
Total I = 49,663 ib-ft2 
= 1,545 shg-ft2 
Case 3. - Man in Mid-position - Mobility - Hygiene - Zero-g Transition, 
etc. 
Fixed Elements -  15,457 
Room C. W. (Ret. ) - 1,115 
Primary C. W. (7711) - 6,000 
Water - 5,905 
Man and Equipment, (74") = 8,900 
Support Frame -  697 
Total I = 38,074 lb-ft2 
- 
 1,185 slug-ft2 
Case 4. - Vestibular Experiments (Man and couch @ 93.29 
Fixed Elements -  15,457 
Room C.W. (Ret. ) - 1,115 
Primary C .U'. - 7,800 
Water - 5,905 
Support Frame - 697 
Man and Equipment -  13,600 
Total I = 44,574 ib-ft2 
- 
 1,388 slug-ft 
Comparison with Old Baseline 
Weight M.O.I. Momentum 
1,545 Slug f t  2 Ne w-We ight 1,296.9 lbs. 7,570 ft/lb/sec. 
Old-Weight 1,107.3 lbs. 
Difference 189.6 lbs. 
1,475 Slug ft 2 
70 Slug ft2 
7,225 ft/'lb/sec. 
335 ft. lb. sec. 
Vol. I1 39 
Fixed Weight Summary 
Installation Option No. 1 
Item 
Struts and Structure 
Safety Diaphrams (2) 
ORC Support Ring 
Roller System 
Control Console 
CMG System 
Noise and Vibration Damping 
Drive System 
Sub Total 
Installation Option No. 2 
Item 
Secondary Bulkhe ad 
Forward Dome Hatch 
Safety Floor 
Attachments 
Revised VCS 
ORC Support and Roller System 
Control Console 
C.M.G. System 
Noise and Vibration 
Drive System 
sub' Total 
Weight 
Weight 
726.0 
Total Centrifuge Weights for Skylab Installation Options 
Item 
- Option No. 1 
Rotating Elements 1,071.9 
Fixed ORC Elements 718 
Skylab Mods (*) 500.5 
Experiment Packages 200 
Totals 2,590.4 lbs. 
Power Requirements 
Case 1. - Empty Room 
I - 
2 
1074 Slug ft . 
- 
Omax 1.442 Rad/sec = 13.8 RPM 
g -  .4 @ Subject C. G. 
Eff = 85% overall 
Momentum = I o 
Mo = 1074 x 1.442 = 1550 ft. lb. sec. 
Torque = I a 
T = 1074 x .036 = 38.7 ft. lbs. 
P = .I197 x 745.7 = 89.2 watts 
Option No. 2 
200 
2,911.0 lbs. 
Case 2. - Maximum Condition 
I - 1545 Slug ft 2 
W -  4.9 Rad/sec = 46.9 RPM 
g - 6.5 @ 104" - R 
Eff = 85% overall 
Momentum = I w 
Mo = 1545 x 4.9 = 7570 ft. lb, sec. 
Torque = I a 
T = 1545 x .I23 = 190 ft. lbs. 
Peak Power = 745.7 x 2 = 1490 watts 
Case 3. - Hygiene Experiment 
I -  1185 Slug ft 2 
a - .036 Rad/sec 2 
W -  1.46 Rad/sec = 14 RPM 
g - - 4 (nominal) 
Eff = 85% overall 
Momentum = I w 
Mo = 1185 x 1.46 = 1730 ft. lb. sec. 
Torque = Ia 
T = 1185 x .036 = 42.7 ft. lbs. 
Peak Power = 745.7 x 1.34 = 100 watts 
Case 4. - Vestibular Experiments (Man and Couch @ 93.2 in. ) 
I = 1388 Slug ft 2 
- . 24  ~ a d / s e c  2 a 
g = 1 . 4  Maximum condition 
Momentum = 1388 x .24  = 330 ft. lb. sec .  
Torque = 1388 x .24  = 333 ft. lbs.  
Peak Power = 1.714 x 745.7 = 1280 watts. 
EXPERIMENT PERFORMANCE OPTION 'c' - INTERMEDIATE ORC CONCEPT 
General Description 
The intermediate ORC concept is configured to meet all of the artificial I1gl' 
experiment requirements up to the 2.25 g level, but will require that movements of the 
test Subject be restricted to a low rate of activity. This configuration does not provide 
the capability of Subject ingress and egress while the centrifuge is rotating, thus elim- 
inating active transition studies. A counterbalance system with the capability of main- 
taining static and dynamic balance is provided. However, high gain and rapid response charac- 
teristics which characterize the same subsystem in E m  'bl a re  eliminated. - 
This centrifuge concept, illustrated by Figure 15, provides an experiment chamber 
48-inches wide by 88-inches long which is  compatible with the baseline ORC experiment 
support equipment. The Hub configuration provides an open 42-inch diameter through 
access and two side openings, 32 inches by 36 inches, into the centrifuge installation 
chamber . 
The counterweight system, which is specifically configured to enable low response 
static and dynamic balancing of the ORC within the specified operating limits, is electri- 
cally driven in response to signals generated by a balance sensor network. 
Skylab Installation 
One of the available volumes in the Skylab vehicle suitable for the inter- 
mediate centrifuge is in the LO2 tank area which is presently being utilized for waste 
storage. An analysis of the waste storage volume required to support presently defined 
Skylab missions indicates that 200 ft3 would be adequate from the human waste standpoint. 
By installing a secondary bulkhead structure in the lower section of the LO2 tank, as  
shown in Figure 16 , the isolated volume below the bulkhead could provide approximately 
400 ft3 of waste storage area. The volume above the bulkhead would provide an isolated 
housing for the centrifuge experiment equipment. Access to the centrifuge chamber 
would be through a hatch cut in the forward LO2 tank dome. 
Subsystems and Equipment 
Experiment Performance Option 'cf has essentially the same subsystems as  the 
original Baseline ORC. (Reference NAS 1-8751.) In support of the performance option/ 
experiment assessment analysis, however, it was arbitrarily established that the capa- 
bility of these subsystems would be limited to a level which would provide an intermediate 
experiment capability, somewhere between that of EPO 'a' and 'bf. The subsystem 
modifications were as follows: 


Primary Drive - Installation of the primary drive system was moved from the 
rotating portion of the centrifuge to a stationary structure and a generator was installed 
at  the previous motor mounting position. The drive unit output was reduced to 2 .0  HP 
which is sufficient to support experimentation up to the 2.2 5g level. 
Counterweight Drives - The counterweight drive systems are  identical with the 
NAS 1-8751 configuration except for a reduced response capability which inhibits the 
dynamic balance properties of the centrifuge. 
Structural Considerations 
In this option the basic structure remained unchanged from that analyzed and report- 
ed for the NAS 1-8751 centrifuge. The only exception to this is hub structure which will 
incorporate the knockdown feature described in the EPO #b8 section of this report. 
Item 
-
Exp. Chamber 
Floor 
Room 
Analysis and Characteristics 
Detail Weight Breakdown 
Weight 
Hub and Equipment 
Structure 
Balance System 
C.W. Drives 
Power Generator and Controls 
Communications and Controls 
Swing Frame System 
Structure 
Water System 
Totals 
Item 
-
Movable C . W. 
Structures 
Drives 
Batteries 
Ballast 
Weight Totals 
Water 84 
Man and Equipment 
Man 200 
Couch System 25 247 
Support Frame 22 
Total Rotating Weight 1,029 lbs. 
Experiment Package Weights 
Expls 
Vestibular Studies 
Work Bench 
Hygiene 
wts. 
40 lbs. 
Passive Transition 17 
Habitability 50 lbs. 
Total 157 lbs. 
Fixed Weight Summaries 
Installation Option 1 
Skylab Modifications 
Intermediate ORC Installation 
CMG System 
Weight 
921.0 lbs. 
178.5 lbs. 
450. 
Control Console and Equipment 40. 
1,589.5 lbs. 
Total Intermediate oRC /Skylab weights 
Item 
Rotating Elements 
Fixed Elements 
Option 1 Option 2 
804 lbs. 804 Ibs. 
490 490 
Skylab Mods 500 921.5 
Experiment Packages 157 lbs. 157 lbs. 
1,951 lbs. 2,372.5 lbs. 
Weight Summary and Mass Distribution 
j 
, 
Item 
Exp. Chamber 
Hub and Equipment 
Swing-Frame 
C . W. (extended) 
C . W. (retracted) 
C . W. (tilt table at 
mid-position, etc. ) 
Water 
Man and Equipment 
Max. Case 1 
Min. Case 2 
Mid-position Case 3 
Support Frame or  
Ladder Sys . 
Total 
~ t .  
127 
290 
81 
200 
84 
225 
22 
-- 
1,029 
z2(ft2) 
49.2 
- 
59 
41.1 
12.3 
35.2 
70.0 
75.5 
25.0 
38.0 
30.3 
~ ~ ( l b  ft2) 
- 
7625 
1100 
5028 
826 5 
2495 
7085 
5905 
17,710 
6,330 
8,900 
697 
~ x x  + 10 = 
6250 
47 80 
8230 
2460 
7050 
5880 
17,000 
5,620 
8,500 
662 
1375 
1100 
248 
3 5 
35 
3 5 
2 5 
710 
710 
400 
35 
Mass Moments of Inertia 
Case 1. - Man and Equipment on Floor-Maximum Cqse 
Fixed Elements 13,753 
Man and Equip. #1 17,710 
C.W. (extended) 8,265 
Water 5,905 
Total I = 45.633 lb-ft2 n 
C.ase 2. - Man @ Minimum Radius 
Fixed Elements 13,753 
Man and Equip. #2 6,330 
C . W. (retracted) 2,495 
Ladder System 697 
Total I = 23,275 lb-ft2 
- 725 slug-ft2 
Case 3. - Man @ Mid-position (Hygiene Exp. ) 
Fixed Elements 13,753 
Man and Equip. #3 8,900 
C. W. @ 71 inches 7,035 
Water 5,905 
Suplsort Frame 697 
Total I = 36,290 &-ft2 
- 
- 1,130slug-ft 2 
Case 4. = Vestibular Experiments (Man & Couch @ 93.2") 
Fixed Elements 13,753 
Man and Equipment 13,600 
Support Frame 697 
Water 5,905 
C.W. System 5,835 
Total I = 39,790 1b. f t  
C) 
Comparison With Old Baseline 
Weight M.O.I. Momentum 
Old Baseline 1,107.3 1,475 7,225 ft. lb. sec. 
Intermediate Concept 1,029 1,420.  3,810 ft.  lb. sec. 
Difference 78.3 lbs. 55 Slug f t2  3.415 ft. lb. sec. 
Power Requirements 
Case 1. - Man and Equipment on Floor 
= 2.68  ~ a d / s e c  = 25.6 RPM 
g-level = 2.17 @ Floor 
Eff = 85% 
Momentum = I w 
Mo = 1,420 x 2.17 = 3,080 ft. lb. sec. 
Torque = Ia  
T = 246 ft. lbs. 
Peak Power P = 1.4. x 745.7 = 1,050 watts 
Case 2. - Man @ Minimum Radius (60") 
I = 725 Slug ft 2 
01 - -036 ~ a d / s e c  2 
w = 1.44 Rad/sec = 13.8 RPM 
g-level = .3 to .4 
Eff = 85% 
Momentum = 725 x 1.44 = 1,043 ft. lb. sec. 
Torque 725 x .036 = 26.1 ft. lbs. 
Peak Power = .0806 x 745.7 
P = 60.2 watts 
Case 3. - Man in Mid-Position (Hygiene Exp. ) 
I = 1,130 Slug f t  2 
01 - .036 Rad/sec 2 
w = 1.46 Rad/sec = 14 RPM 
g -  .4 Nominal 
Eff = 85% 
Momentum = 1,130 x 1.46 = 1,650 ft. lb. sec. 
Torque = 1,130 x .036 = 40.6 ft. lbs. 
Peak Power = .I275 x 745.7 
P = 95 watts 
Case 4. - Vestibular Experiments (Man & Couch @ 93. 211)' 
I = 1,239 Slug ft 2 
U = 2.4 Rad/sec = 23 RPM 
g = 1.4-Maximumcondition 
Eff = 85% 
Momentum = 1,239 x 2 .4  = 2,975 ft. lb. sec.  
Torque = 1,239 x .24  = 297.5 ft. lbs. 
Peak Power = 1.53 x 745.7 = 1,140 watts 
CENTRIFUGE INSTALLATION - 
It is possible to install the EPO centrifuges 'a1, 'bl, and 'ct into Skylab in 
either of two locations. The centrifuges can be mounted in the LH2 tank at the for- 
ward bulkhead ring or can be mounted within the LO2 tank. Either of these locations 
are acceptable from a structural design viewpoint. However, other considerations, 
such as  accessibility for the amount of work necessary'for installation, supports 
arguments for the forward location. The proposed installation of EPO 'a' is  shown 
in Figure 3. EPOs 'bt and 'ct are shown in Figure 17. The rationale for the selection 
of these installations and for the selection of mounting structure is given in the fol- 
lowing sections. 
Emr iment  Performance Option lat Installation - A tunnel structure, mounted 
on a flat floor or bulkhead is proposed for this installation. No problems appear to 
exist a s  the total weight of centrifuge and bulkhead required to be supported by the 
Skylab sidewalls is less than for EPOs 'bl and kt. The forward location and mount- 
ing method of the bulkhead to the Skylab is the same a s  for EPOs 'b' and 'cl and is 
discussed in those sections. 
Experiment Performance Options 'bt and 'cl Installation - There are several 
structural systems that can be used for suspending the centrifuge within Skylab. These 
include trusses, beams, bulkheads and combinations of membranes and trusses. Be- 
cause of configuration considerations, bulkhead and membranes are applicable in the 
LO2 tank only, while trusses and beams can be used at either location. Beams were 
discarded because they are complex and are the heaviest approach to the support 
structure. Tubular trusses are light-weight and can be oriented to avoid current o r  
proposed Skylab equipment. Two examples of truss mounted centrifuges located in the 
LH2 and LO2 tank are shown in preliminary layout form in Figures 18 and 19. 
One of the major problems in Skylab is that a large free volume is required for 
the collection of waste material. The volume requirements become critical for the 
longer o r  augmented missions. In the current design the wastes are collected in the 
empty LO2 tank and installing a centrifuge there poses the problem of finding additional 
waste collection volume or  compressing the volume requirements. If the latter solution 
is acceptable, then two installations are feasible. Figure 16 is one configuration in 
which the centrifuge is mounted on a secondary bulkhead installed near the end of the 
tank. This secondary bulkhead would have the same geometry as  the current common 
Skylab bulkhead. Waste can be collected in the space between the secondary bulkhead 
and the LO2 tank aft bulkhead. The other possible configuration is the truss mounted 
centrifuge shown in Figure 20 with a membrane bulkhead below the truss structure. The 
space between the membrane and the aft bulkhead would then be used for waste. 




In order to install the centrifuge into the LO2 tank, access must be provided. 
This must be accomplished in one of two ways. Either a large (at least 52.0 inch dia- 
meter) hole must be cut in the common bulkhead, o r  the lower bulkhead has to be cut 
off just below the thrust ring and new bulkhead with the centrifuge and supporting 
structure welded back into place. An example of this approach with a bulkhead mounted 
centrifuge is shown in Figure 16. 
It becomes apparent that the installation of a centrifuge into a LQ2 tank results in 
compromises of the Skylab. It places constraints on the waste volume requirements 
and it also calls for extensive rework of the tank for accessibility reasons. It appears, 
from a total system point of view, the truss mounted centrifuge installed at the forward 
bulkhead ring is the most desirable arrangement. Some additional reasons for this are: 
1. Placing the mass of the centrifuge and mounting structure forward in 
the launch vehicle produces a measure of inertia relief during the boost 
phase of the flight. This tends to reduce the bending moments on the 
first stage of the INT 21 launch vehicle. 
2. Locating the center of mass of the centrifuge near the C.G. of the Skylab 
cluster will reduce any perturbing effects that may be produced by the 
centrifuge.. The Skylab cluster includes the lab, multiple docking adapter, 
Apollo telescope mount and the Command Module. 
3. The centrifuge can be installed through the existing Skylab acdess door. 
4. This installation entails the minimum rework to Skylab systems. 
Structural Installation Considerations - Experiment Performance Options lat, 
'bt and - The Skylab internal pressure schedule during launch and boost into orbit 
is set by McDonnell Douglas as  22-26 psia. When in orbit the pressure is bled down to 
5.0 psia. The high initial pressure is used to react the boost axial loads into the cylindri- 
cal sidewalls. This change in pressure results in a radial displacement of the wall of 
approximately .30  inch. The displacement precludes attaching stiff frames to the side- 
walls because of discontinuity stress effects. The current Skylab design has a floating 
structural support for the floors and water container support frames. This approach 
is used for the centrifuge support structure. Lateral loads encountered during boost 
all reacted into the sidewalls with this approach, however the lateral stiffness required 
during centrifuge operation requires diagonal struts to lock the centrifuge mounting 
structure against the sidewalls. Figure 21 shows the details of the installation at the 
forward bulkhead. 

The design of the mounting structure and the attachment of the mounting structure 
to the sidewalls is predicated on the requirement that the centrifuge shall be self sup- 
porting during launch and boost into orbit. It should be capable of reacting boost loads 
without additional supports. A simple analysis has been performed to illustrate this 
capability and is shown in the next section. 
Design Analysis of Experiment Performance - Option 'b' or  'c' Installed in Skylab. - 
Forward dome installation (Ref. Figure 17). 
The supporting structure was designed for the loads encountered during boost 
using an INT 21 Launch Vehicle. The truss was then checked for deflection and its 
spring rate compared to the Balance Sensor stiffness requirements. 
The INT 21 Launch Vehicle produces the following non-simultaneous limit loads. 
NX (Longitudinal) = 4.73 g 
NY (Lateral) = 1.5g 
a. Assume that the weight of the centrifuge and supporting structure is - 
1615 pounds. 
b. Assume that the truss assembly is made from 10-pairs of trusses a s  shown 
in Figure A except that tube BA is common between pairs of trusses. 
c. Assume no asymmetric condition for the longitudinal loads. 
Figure A 
Tan a = .2910 
Sin a! = .2798 
Cos a! = .9600 
'NX 
= 1 .5x4 .73x1615=11 ,400 lbs .  ult. 
PNY 
= 1.5 x 1.5 x 1615 = 3640 lbs. ult. 
1. For the longitudinal accelerations, tube loads are: 
- 
11,400 
'BC = 4080 lbs. 10 sin-'. 2798 
External Reaction at B = 1140 lbs. 
2. Assume that one pair of trusses only will react the lateral load. 
Then referring to Figure B tube loads are: 
Rx 
Figure B 
Reaction R = 3640 lbs. Y 
Reaction and load Px = 3640 60 = 2230 lbs. 98 
*Design loads for the tubes 
Vol* I1 
Then for lateral accelerations, tube loads are: . 
2230 
- 
'AB 
= 7660 lbs. * 
-1 Tan .2910 
- 
'CA 
 2230 
-
2 = 1150 lbs. 
3. Check on stress levels in tubes. 
Tube AB - 3.0  Dia. x ,095 Where I = .9156in 
4 
A = .8670 in 2 
p = 1.028 in. 
Compression load of 7860 lbs. 
a - 7860 - - = 9100 psi. 
c .8670 
Tension load of 7660 lbs. 
a - 
7660 
- -
t = 8,850 psi  .8679 
F = 62,000 psi. 
t 
*Design loads for the tubes 
64 
F = 10,500 Ref. 1 
C 
F = 45,000 Ref. 1 
CC 
Ref. 1 
Margins of Safety 
Camp: M. S. - -1 = -+. 15 10,500 9100 
Tens: M.S. -1 = 6 . 0  - 62,000 8850 
Tube BC - 2.50 Dia. x .065 Where I = .3688in 4 
A = .4972 in 2 
P = .8613in. 
Compression load of 4000 lbs. 
Tension load of 4080 lbs. 
a - 
4080 
- -
= 8250 psi 
t .4972 
t = 62,000 psi. 
Margins of Safety 
Comp. M.S. - 8100 - -8050 -1 = + . l o  
Tens. M.S. - 62000 - -8250 -1 = 6 . 5  
Tube CA Use same tube size as  BC. 
F = 8,100 
c Ref. 1 
F = 43,000 
cc Ref. 1 
4. Deflection of truss by method of virtual work (Ref. 2), assuming that each 
of the 10-pairs of trusses act independently and react a share of the longi- 
tudinal load. 
C 
Force Diagram 
(Values of S) 
Total deflection = XU x  A = -. 000701 
Member 
AB 
BC 
CA 
Spring rate of truss 
5 The balance sensor spring rate required in Ref. 3 is: .60 x  10 lbs/in 
Area 
in 
.497 
.867 
.497 
Thus it appears that this truss design is capable of accepting launch loads and is 
stiff enough to satisfy the balance sensor sensitivity requirements. The rod end 
attachments may be more of a problem if these a re  not controlled and held to 
very close tolerances. 
S 
Kips 
-7.86 
-4.08 
1.14 
L 
- 
AE 
- 5 
-1.97 x 10 
1.18 x  loe5 
.574 
SL 
A = =  
- 5 
-15.5 x 10 
- 5 
-4.82 x  10 
.655 x 
U  
3.44 
3.58 
1 
u x  A 
-. 000535 
-. 000172 
.000006 
5. The attachment of the truss assembly to the Skylab sidewall has to be made 
with a structure that will allow radial displacement of the sidewall. This 
displacement is due to the difference between the high internal pressure 
schedules required during launch and the low Skylab operational pressure. 
The method of supporting the truss structure is the same as that for the 
Skylab floors. (See Figure C. ) 
Consider the load due to the longitudinal acceleration only, The weight 
supported by this structure must include the existing water containers and 
the centrifuge and supporting structure. 
e 6 3  
Total weight is 11,300 lbs. 
Then P = 1.50 x 11,300 x 4.73 X 
= 80,000 lbs. ult. 
There are  6 1  attachment locations. 
Then load per attachment 
P = 80' OoO = 1310 lbs. 6 1 Attach ring. I 
The allowable bearing load of a 
1/4 Dia. bolt in .063 aluminum 
alloy sheet is 2189 lbs, Figure C. 
The load NXcan be resolved into a running load around the attachment ring 
to determine the combined tensile and bending stresses. 
a! = 13' 20' 
Tan a = .237 
C o s a  s.973 
80,000 
- 
*x 
= ' 98 lbs/in ult. 
V260 
Then combined stresses in the attachment ring is: ' 
where t = .063 
M = 9 8 x .6 3 (distance to centroid of sidewall) 
101 
-
6 x 98x .63 Then a = I- 
t .063 2 
.063 
= 10,950 psi 
t 
= 62,000 psi 
Margin of Safety 
I t  should be noted that this simple approach to the analysis of the attach- 
ment ring does not account for any asymmetric condition nor for shear lag 
problems that may be encountered during boost. A rigorous elastic ana- 
lysis will be required to debrmine the actual stresses before a final design 
is selected. However the preliminary estimates shown indicate the feasi- 
bility of the design. 
EXPERIMENT PERFORMANCE OPTION 'dl - SKYLAB B 
The Skylab B configuration used a s  a baseline for this study is an upgraded 
version of Skylab A having a mission duration capability of 12 months. Three over- 
lapping crew visitation periods of 97 days and one 90 day period are assumed with a 
30 day period of contbiuous rotation for artificial-g assessment provided on one of the 
visitation periods (spin up/down propulsion and expendables are  provided by the CSM 
so that additional 30 day artificial-g assessments can be made in other visitation 
periods if experiments must be repeated o r  if an increase in the number of Subjects 
is required). In addition to the artificial gravity experiments, an Earth Resources 
experiment package and an Apollo Telescope Mount a re  part of the configuration. 
Figure 22 and 23 illustrate the gross assembly a s  depicted by MCDAC documentation 
(Reference 3) on the Skylab. Other details of the configuration and mission are: 
Baseline altitude - 228 n. mi. 
Baseline inclination - 50 degrees 
Crew size - 3 men 
Orientation during spin - Z-axis Solar inertial, spin about the 
principal Z-axis 
Service Module provides propellant and system for spin up/down and requires 
two additional propellant storage modules for this purpose. (Total usable 
propellant 4200 lbs . ). 
Wobble damping during spin provided by two of the ATM CMG1s (Modification 
required). 
Rate gyros and sun sensor provided for orientation and rate control. 
Beef-up of ATM and Skylab solar arrays for artificial-g required. 
Maximum spin-up rate is 84 sec. per rpm. 
Modification must be made for location of sleep compartments and location 
of mobility aids. 
Instrumentation for physiological measurements, LBNP, mass measurement 
and the litter chair are assumed to be part of the basic configuration. 
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Figure 22 . EPO 'd* Rotating - Skylab B , - -  
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Equipment for passive radial transfer, habitability studies, and other experi- 
ments must be provided. 
All crew members are assumed to be suited and in the CM during changes of 
rpm. 
One crew member is assumed to be awake and on duty in the CM at all times 
during rotation. 
Utilization of the axis of spin for location of a counter-rotated chair o r  
chamber is assumed impractical due to lack of clearance with side wall and 
equipment in the airlock and to avoid blocking access htween the CM and 
the Skylab proper. 
WEIGHT HISTORY 
Lift-off Weight 
S-IC Propellant Consumed 4,572,273 
Service Items 500 
Vehicle Weight at  S-IC Cutoff 
S-IC Spent Stage 
S-IC Residuals 
S-IC /S-11 Aft Interstage 
S-II Start ~ o s ' s e s  
Vehicle Weight at  S-11 Burnout 
S-I1 Spent Stage 
S-I1 Performance Reserve 
S -II/Skylab Interstage 
Payload Weight 
Shroud (orbital Jettison) 25,650 
Skylab and experiments 171,863 
Payload Margin 3,487 
Weight History - CSM (lbs) 
CSM/SLA Total Weight 
Command Module 
Service Module 
Required SPS Propellant 
SLA 
S-IB Capability to 81 x 120 n. mi. 
orbit a t  50" inc. 
Discretionary Payload 
Vol. EI 
EXPERIMENT PERFORMANCE OPTION 'e' SPACE STATION 
The Space Station configuration used a s  the model for this study is the baseline 
design defined by North American/Rockwell under Contract NAS9-9953. Details of the 
configuration are  delineated in MSC -0014, Revision 0 ,  ltGuidelines and Constraints 
Document - Space Station Program Definition, I t ,  and in supplementary documents and 
drawings provided by NR. (Figure 24 ) Portions of MSC-0041 applicable to the 
artificial gravity experiments implementation are reproduced here a s  follows: 
From Section 2.0 Space Station Description, the pertinent paragraphs are: 
2.108 Artificial Gravity mode will be for engineering and operational assess- 
ment during the initial flight period of the station. 
2.202A Normally occupied compartments shall have acceleration levels of not 
less than O.2g nor more than 1. Og. Design spin radius and rotational 
rates should correspond to the latest physiological data on vestibular 
effects. In no case shall the rotational rate be greater than 4 rpm. 
2.203 Shirtsleeve crew transfer between artificial gravity volumes and a zero 
o r  near-zero gravity volume shall be provided in order to assess the 
crews ability to accommodate to repeated changes in environment. 
2.304 The artificial gravity assessment will be performed using the spent 
S-I1 stage a s  the counterweight to the station module. A means for 
changing the length of the connecting link between the station module 
and the spent stage will be provided. 
2.40103 Space Station design will minimize undesirable artificial gravity and 
coriolis effects by locating living and working compartments a s  f a r  
as feasible from the axis of rotation, orienting compartments so that 
predominant direction of traffic is parallel to the axis of rotation, 
andbr activity in regions where maximum inclination (with respect 
to floors) of centrifugal force vector occurs. However, special 
compartmentation to control direction of crew movement during 
artificial g operations is not mandatory. 
Additional baseline Space Station Data has been provided by NR personnel regard- 
ing the manner in which the guidelines and constraints have been implemented. 
. . 
- -  
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Figure 24 
' EPO 'e' - Space Station 
Crew Size: The crew size has been limited to 6 men during the rotation period 
in order to reduce electrical power requirements. In this way, the solar cells will 
not require full extension and the resulting structural beef-up to allow their full exten- 
sion can be avoided. 
Spin Axis/Counter-rotation: The tunnel clearance at the spin axis is limited to a 
60-inch diameter in the baseline design. This constraint is imposed by the require- 
ment for packaging volume for solar cells within the shroud envelope. If a nuclear 
power source is substituted for the solar cells, the tunnel diameter may be increased 
to 14 ft. In configuring the counter-rotating chamber, allowance will have to be made 
for approximately 3.0 inch of radial drift of the spin axis. This will accommodate 
changes in location of men and equipment which may take place during the course of the 
experiment and does not include large c.g. shifts due to consumption of expendables 
during the total rotation period. The telescoping boom will have to be provided with a 
vernier adjustment for this purpose. In addition, some degree of roll adjustment may 
also be necessary. 
Spin Propulsion: For spin-up/down and attitude maintenance, no special hard- 
ware modifications are  contemplated over that required for zero-g operation. Ten 
pound thrusters (used in pairs) are  provided. The propellant is L O ~ / L H ~  with a usable 
I of 419 sec. SP 
Propellant Consumption: The propellant requirement is approximately 110 lbs/ 
day with the boom fully extended (I = 157 x lo6) and 50-55 lbs/day for the shortest 
radius configuration (Io = 47.5 x I$). The apportionment results in .047 x lo6  lb-sec/ 
day impulse required for orientation and .I28 x lo6 lb-sec/rpm for rate change. 
Wobble Damping: Three, double gimbal, 3000 ft-lb-sec, control moment gyros 
are available in this configuration. 
Zero-g Capsule - Experiment Performance Option 'e' - With the space station 
configured with the spent S-I1 stage in the unextended position, the nominal c. g. of the 
- 
rotating system is at X;1100 in. in the solar array tunnel structure. It is feasible to 
locate a 60.0 inch diameter zero-g capsule at  this location, an example of such a cap- 
sule is shown in Figure 25 . This capsule will allow study of zero-g habituation effects 
while the space station is rotating. No active transition experiments a re  possible with 
this configuration because of space limitations. 
The capsule is mounted in the fixed portion of the solar array boom on a slide 
assembly. The slide assembly allows the capsule to move longitudinally s 8 . O  inches 
and it is bolted to a pair of rings in the boom. The capsule is attached to the slide 
assembly through a rotational drive system so that the capsule can be spun down 
(relative to inertial space) to achieve zero-g. 

The capsule consists of four elements, each element is spherical and has cutouts 
at 120'. The inner three elements act as shutters; the outer, o r  fixed, element is 
attached to the rotational drive system. The segmented cutouts provide access into the 
capsule and through it to the solar array drive mechanism. The inner three elements 
are  arranged to make a system of interconnected shutter doors which provide positive 
one motion closure of the capsule. The doors are  operated manually. 
Attached to the outer, fixed, element of the rotating capsule is a test subject 
restraint chair. The chair also provides storage for necessary habituation equipment 
and experiment apparatus. 
Structural Considerations - No detailed structural analysis was nec essary for 
this capsule as it is structurally non-critical, but an equipment list and a weight esti- 
mate were made and are  shown in the following paragraph . 
Zero-g Capsule (Experiment Performance Option 'el) 
Equipment List 
Spherical Capsule 
Outer Shell 
Closure Panels 
3-panels 
Fittings 
Drive Systems 
Rotational Drive 
Radial Position Drive 
Track and Slide System 
Tape-Drive Unit 
Support Structure 
A Zuminum 
Graphite Epoxy 
Restraint System 
Subject Support Frame 
Restraint Chair 
Support Equipment 
' (undefined) 
90 lbs. 
161 lbs. 
15 lbs. 
5 lbs. 
23 lbs. 
4 lbs. 
10 lbs. 
25 lbs. 
30 lbs. 
50 lbs. 
Total 413 lbs. 
Man and Equipment in Chamber 
Restraint Systems 50 lbs. 
Food Preparation and Storage 15 
Waste Management 2 0 
Experiment Apparatus 50 
Hygiene Facility 
Man 200 lbs. 
350 lbs. 
Total Zero-g Chamber 
Shell 368 lbs. 
Man and Equipment 350 
Rotational 
Drive 10 
Power System 100 lbs. 
828 lbs. 
Concept 'el with Enlarged Zero-g Capsule - To increase the usefulness of the 
zero-g experiments a t  the center of spin of the space station, a configuration with a 
capsule which can house at  least two Subjects has been developed. This is shown in 
Figure 26. It is arranged so that the active transfer experiments can be performed. 
Details of the chamber a re  shown in Figure 2 7 ,  which shows the capsule instal- 
led inside a room. The room is attached to the fixed section of the space station tunnel 
and is elongated to accommodate the &18 inch movement of the capsule . The capsule 
has a basic cylindrical shape and has semi-spherical end bulkheads. The capsule is 
suspended in the room on one end through a rotational drive mechanism which in turn 
is attached to a slide mechanism which permits the necessary longitudinal movement. 
On the opposite end of the capsule to the mechanism is an access opening. The capsule 
is configured so that there is passage space between the capsule and the room allowing 
access to the chamber and past it to the solar array mechanism. A safety curtain is 
placed in the passageway so  that access can only be effected into the chamber through 
a controlled access passage. The safety curtain screens the capsule so that transfer 
between the solar array mechanism and the station can be made safely when the capsule 
is in operation. 


This configuration requires the modification of the North American Rockwell 
artificial-g station (Ref. NR Dwg. V030-902202). It was configured to place a zero-g 
capsule at  the center of spin only when the S-I1 stage is fully extended to station Xs4866 
as shown in Figure 26 . 
The changes to the NR configuration are: 
1. Reducing the number of telescoping sections to four from five. The telescoping 
section will have an active docking port at X,1892 instead of at Xs1220. 
2. A new fixed section replaces the telescoping boom. This boom extends from 
Xs1220 to Xs1892 and includes a room in which the zero-g capsule is installed. 
3. This modification requires an additional launch; the boom i s  configured to be 
shuttle launched. 
4. That part of the existing boom structure that attaches to the space station and 
houses the solar array rotating mechanism is modified. It is necessary to hold 
the zero-g room fixed on the longitudinal axis and not rotate as  the solar arrays 
solar orient. Because of long experiment times (up to 42 days) the solar arrays 
must be continuously sun pointed. This requires a turret that can be turned with- 
out disturbing either the station or  the zero-g room. This has been accomplished, 
(see Figure 28) by cutting this boom at station Xs1191 and providing a fixed 
structural tunnel inside the rotational section. The method of rotating the turret 
is  the same as the NR scheme using a drive motor and a peripheral track. 
Because of access consideration, the torque tube drive for the solar arrays has 
been replaced with a pair of drive motors and drive shafts for rotation control 
of the solar arrays. The drive motors and shafts are  coupled for fail operational 
and redundancy considerations. 
The zero-g chamber o r  room is attached to a section of fixed tunnel and is 
shown in Figure 27. The turret is the same design as NR's design 
with an active docking interface at  the inboard and a passive docking interface a t  
the outboard ends. The tunnel has a clear passageway of 60.0 inches diameter. 
The zero-g room is located at  the nominal c. g. for the extended configuration, 
at  Xs1700. The room is a pressure shell made from a pair of semi-spherical 
partial bulkheads separated by a cylindrical band 36.0 inches wide. The sidewalls 
consist of an elongated cylinder 84.0 inches high. A pair of continuous rings to 
match the periphery of the bulkheads and a flanged tunnel ring complete the shell 
structure. A pair of arched beams attached to both the upper and lower bulkhead 
are used to hang the rotational mechanism for the zero-g chamber. The beams 
are attached to longerons mounted on the tunnel structure. Both the longerons 

and beams are  used to carry longitudinal loads due to centrifugal forces. They 
also react any bending loads caused by the offset of the zero-g chamber. 
An environmental shield consisting of a micrometeoroid bumper and insulation 
completes the room. 
Structural Considerations - A preliminary analysis was performed on major 
structural elements in this configuration. The analysis was done in enough depth to 
justify the weights of the room structure, the tunnel and the modification to the power 
module. The weights are shown in the following. 
Detailed Weights (Lb) 
Power Module 
Fixed Tunnel 
Rings 
Drive System Modification 
Contingency 
Zero-g Room and Fixed Boom 
Fixed Tunnel 
Room Structure 
Zero-g Chamber 
Structure 
Man and Equipment 
Rotational Drive 
Power System 
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COMBINED CONFIGURATIONS 
Internal Centrifuge/Skylab (Experiment Performance Options 'b' + Id'). 
Installation of a centrifuge in a Skylab which is also equipped for rotation about 
its center of gravity is feasible and represents an additional EPO which merits serious 
consideration. This is  not to imply that Skylab rotation and centrifuge operation will 
be simultaneous, but rather that the centrifuge will supplement the experiment cap- 
ability of the Skylab during periods when it is in a zero-g mode. Such a configuration 
is earily introduced here and included in the data matrix evaluation because the centri- 
fuge equipment and the Skylab modifications necessary to allow rotation are  essentially 
independent. Thus, cost, weight and experiment capability become merely the sum 
of these characteristics as have already been defined for EPOs 'br and 'dl individually. 
The physical effect of adding a centrifuge to a rotatable Skylab will be a change in c. g. 
location, a slight change in mass moment of inertia and a reduction in useful internal 
volume which might be allocated to other experimental purposes. 
The EPO 'b' centrifuge was arbitrarily selected for this purpose becasue it 
provides the greatest range of experiment capability of any of the centrifuges and, in 
combination with the rotating Skylab, will represent the most that can be done with 
this approach with respect to broad-range experiment capability. It is recognized 
that there a re  certain areas of capability overlap that could be eliminated with cor- 
responding reduction in centrifuge weight and cost. The definition of such a machine 
is, at  present, beyond the scope of this study and is recommended as  a follow-on 
task. 
Internal ~entrifuge/Space Station (Experiment Performance Options 'bl + 'e'). 
Combining the internal centrifuge with a rotatable Spwe Station follows the same 
reasoning as  was advanced for the Rotatable Skylab/Centrifuge combination, It tends 
to increase the overall experimental value of the configuration. Thus, the artificial-g 
experiments such as transition and the effects of rotation or  partial-g can be performed 
without committing the entire Station to rotation. 
The centrifuge can be installed within the Space Station o r  in an attached module. 
The attached module may be Shuttle launched if the module structure is deployable. 
Alternately, an entirely new centrifuge approach - specilically designed for Space 
Shuttle compatibility - may be developed. Definition of such a centrifuge configuration 
is recommended as a follow-on task. 
The costs of the centrifuge cannot be directly added t6 the space station be- 
cause of the uncertainties of the installation and because module costs have not been 
developed in this study. 
If the centrifuge installed on a space station can do those tasks that a re  performed 
by the counter-rotating room then that can be eliminated from EPO let and substantially 
reduce its cost. 
DEVELOPMENT PLAN 
The development program requirements of the Experiment Performance 
Options examined in this study have been analyzed to identi@ the differences among 
the options which would tend to affect program cost. The development plans for EPOs 
'a', 'b', and 'cl a re  similar because they all require installation of the centrifuge in 
the Skylab B. The development plan for Configuration 'b', developed early in the 
study, has served as  a baseline for the description of plans for the other members of 
this family. EPO 'd', without major hardware impact on the Skylab B, is believed 
to require no deviations from the schedule established for the non-rotating mission. 
The development of booms and counter-rotating areas for Space Station rotation, 
EPOs 'e' and 'e' prime, is sufficiently different to warrant consideration separate 
from the Skylab configurations. 
The plans and schedules a re  presented and discussed in the three sub- 
sections below, followed by a description of the rationale for estimating test program 
costs. 
Skylab B Centrifuges 
EPOs 'a', 'bl, and 'c' employ a centrifuge to be retrofitted into the Skylab 
B. The development plans for this family are  characterized by the quantity of test 
hardware built to provide testbeds for experiment development and reference testing , 
and for validation of man-machine interfaces. 
The development plan and schedule for EPO 'b' will be discussed in detail, 
while those for EPOs 'a' and 'c' will be compared with it. 
Experiment Performance Option 'b' - Maximum utilization of aerospace 
hardware and know-how will be applied to the centrifuge, the design features of which 
do not require extension of the projected state-of-the-art, except perhaps for the 
fabricability of the graphite-epoxy skin sections of the experiment chamber. This 
program has a development span of 47 months from go-ahead to launch. The sche- 
dule, shown as  Figure 29 , is neither tight nor does it include excessive contingency 
for the unpredictable, but rather is considered as nominal for a prototype test 
approach to development. 
This plan begins with an initial design phase extending through CDR (Critical 
Design Review), leading into fabrication of prototype hardware for testing. The pro- 
totype hardware (consisting of components, sub-assemblies and subsystems) is 
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evaluated for design feasibility and functional adequacy-before being integrated into 
total centrifuge system testing (still a part of the prototype development testing). 
Results of the prototype tests through system integration testing are  fed back into 
final design and manufacturing prior to completion of the flight type hardware. In 
this program there a re  two flight hardware units. The first  is for ground qualifica- 
tion of flight type hardware and, after refurbishment, is to be used as  a spare o r  
flight back-up unit. The second is designated as the flight unit. Minor modifications 
may be incorporated into this unit as  a result from early testing of the flight qualif- 
cation unit and from the servicing and maintenance testing and training. Feedback 
from these tests must precede completion of final assembly of the flight unit. 
The centrifuge is available for installation in the Skylab 38 months after go- 
ahead. Five months are considered necessary for installation and checkout of the 
centrifuge in the forward section of the Skylab. This assumes no interference from 
other installation tasks not related to the centrifuge and the use of a method of instal- 
lation whereby modularized centrifuge sections are  passed through the 35 x 52 inch 
door in the Skylab and assembled inside. 
The pre-launch activity spans shown reflect operations in support of the 
centrifuge and related experiments only. The total time span from initial installation 
of the centrifuge in the Skylab to the actual launch could vary considerably, depending 
on the degree of interference with, and the sequencing of, other updating and instal- 
lation tasks for the Skylab. 
The various tests to be undertaken, identified by line number with the 
schedule in Figure 29 , merit further discussion. 
Tests of handling equipment and GSE (within the bar on line 12) a re  limited 
to ground handling and checkout equipment for proper test and mobility of test hard- 
ware during the ground test phase. Equipment tested would include dollies, support 
and handling frames, and test equipment. Testing would be for design verification 
and qualification to specified requirements. 
Material and component qualification tests (line 14) include design informa- 
tion testing to evaluate materials and fabrication methods and for component qualification 
Existing equipment, (e ,g . , aircraft type generator, batteries, inverter, drive 
motors, communication and electronic equipment) would be requalified as  required 
for the Skylab mission environment. 
Sub-assembly and subsystem type testing (line 15) includes design develop- 
ment and evaluation of key structural sections and prototype subsystem designs. 
These tests are instrumental in qualifying critical hardware for launch loads (shock, 
vibration and acoustics), docking and operational loads. After the feasibility and 
functional adequacy of the subsystems and assemblies a re  established, the various 
subsystems and components a re  tested as an integral part of the total centrifuge sys- 
tem. Test hardware equivalent to one and one-half shipsets would be consumed in 
these tests. The structural sections would include the hub assembly, counterbalance 
framing, experiment chamber loading bearing structural specimens and the centrifuge 
support structural members. The subsystems include hardware from the imbalance 
sensing system, the counterbalance and primary rotational drive systems, power and 
water storage system, communications, etc. 
Prototype ground tests (line 16) are  the first tests of the integrated system. 
The purpose of the tests is to demonstrate the feasibility of the centrifuge design and 
operational compatibility of the various subsystems. Key tests include verification 
of structural stiffness of major support structures, Skylab reactions to centrifuge 
imbalance forces , and experiment chamber ventilation during operation. The pr oto- 
type centrifuge hardware must be similar to the flight design in its operation, mass 
distribution, structural stiffness, and dynamic response. Facility and test support 
equipment requirements include a building to house the prototype centrifuge and, 
later, an air-bearing platform with control moment gyros for demonstration of the 
counter momentum system capability. A computer tie-line would aid in computation 
of Slcylab reaction to centrifuge imbalance forces. A removable enclosure simulating 
the S-IVB LH2 tank forward bulkhead and necessary test instrumentation and record- 
ing equipment would also be required. 
Experiment and instrumentation tests ( b e  17) will be conducted to evaluate 
equipment location and useability and to aid in the establishment of experiment con- 
trols and procedures as well as  equipment servicing, replacement and maintenance 
procedures and initial crew and test subject training. These tests a re  conducted in 
a vertically oriented mockup of the experiment chamber, where the test subject will 
be aligned with the local vertical. The experiment and instrumentation mockup is 
composed of a mockup of the experiment chamber for vertical installation and all 
internal hardware including experiment packaging. It will have special access and 
observation doors and ground power and ventilation as required. Simple test support 
fixtures would suffice for the vertical installation of the experiment chamber mockup 
and for support of the major structural test specimens. 
Conventional component test or  ground based laboratory centrifuge capabil- 
ity may be useful in supplemental testing with the experiment chamber mockup for 
verification, validation and simulation of various planned activities and operations. 
It could also be an assist in training operations. However, the centrifuge capability 
as a separate facility is not an essential requirement as  the prototype test unit could 
perform most of these tests on a time sharing basis. 
Mobility tests in neutral buoyancy (line 18) will be conducted to establish 
and evaluate procedures for experiment set-up and checkout, service and mainten- 
ance, emergency and normal ingress and egress, and to design zero-g mobility aids. 
The neutral buoyancy mockup is a wire-mesh type centrifuge simulation with a geo- 
metrical representation of the experiment chamber, the hub and chamber access 
area, and the forward Skylab bulkhead, together with simulated experiment packages 
and support equipment. The mockup will be submerged in a pool of water at least a s  
large in diameter as  the Skylab, with a depth of 10 feet or more as  required for ade- 
quate simulation of movement in and around the centrifuge, to permit the evaluation 
of maintainability and serviceability of the ORC and safety to personnel. 
Results of all the above tests a re  fed back into final design prior to the com- 
pletion of the flight type hardware. 
Flight qualification testing (line 20) ultimately confirms that the flight hard- 
ware is suited for its specific mission. In the first set  of tests, the qualification test 
unit will be used as a centrifuge in the normal gravitational field. Later, an environ- 
mental chamber will be required for the flight hardware qualification and verification 
tests. It must be of sufficient size to house the forward end of the Skylab which would 
contain the centrifuge. This facility provides for realistic simulation of operation in 
a reduced pressure environment such a s  would be the case for the actual Skylab mis- 
sion. The section of the Skylab that houses the centrifuge would be required for this 
latter test phase to duplicate aerodynamic effects and chamber internal ventilation 
conditions. The test unit is to be refurbished after testing, as  a flight spare or  back- 
up unit should the first launch or  mission be unsuccessful. 
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The crew, experiment, and maintenance tests (line 19) involve potential 
Skylab crew, test Subjects, and experimenters. These extend the tests begun fairly 
early in the development program into the mission operation phase as required for 
rotational crew training, experimentation, and operational test support. The hard- 
ware and facilities required for earlier tests a re  utilized: the prototype ground test 
unit, the experiment chamber mockup, the neutral buoyancy mockup and the flight 
hardware qualification unit. 
Results of the crew, experiment, and maintenance tests would feed back as  
appropriate to flight hardware design. However, the impact on design from these 
tests would be reduced sharply as the development activity closed on the flight hard- 
ware qualification and final verification phase. 
EPO 'c' - The main difference between EPOs 'bt and 'c' is that 'ct does 
not have the mechanisms to provide active transition of a subject to zero-g. Smaller 
differences are  found in the power and drive systems. The smaller amount of hard- 
ware to be developed, together with reduced experiment capability, result in shorter 
time spans for the tasks shown below: 
Line No. 
16 
17 
Tasks 
-
Prototype ground test 
Experiment and instrumentation 
development 
Time Reduction 
1 month 
1 month 
Neutral Buoyancy 2 weeks 
Crew, experiment, and maintenance tests 2 months 
Flight qualification 2 weeks 
The net effect on the total program is a two month reduction from forty- 
seven to forty-five months. The same test setups would be required as for EPO 
'bt, but the reduction hardware unit cost and test manpower will lower the program 
cost below that of EPO 'bt. 
EPO 'ar -- This is the most austere centrifuge, with only a covered couch 
instead of an experiment chamber, and without an automatic counterbalance system. 
The simplicity of the hardware results in short: production and test times, and the 
limited experiment capability reduces the time and effort required to develop experi- 
ments and test experiments and Subjects. For key tasks, the differences in time 
spans from that of EPO 'b' schedule are shown below: 
Line No. 
9 
10 
14 
15 
Tasks 
- Time Reduction 
Fabricate qualification test unit 4 months 
Fabricate flight unit 4 months 
Component qualification 6 months 
Subassembly and subsystem test 1 month 
Prototype ground test 3 months 
Experiment & instrumentation tests 5 months 
Neutral buoyancy 2 months 
Crew, experiment, and maintenance tests 4 months 
Flight qualification 1 month 
The net effect on the total program is an eight month reduction from forty- 
seven to thirty-nine months. Test setups similar to that of EPO %* would be 
required, but reduced hardware unit cost and test manpower will lower the program 
cost considerably below that of 'bl. 
Rotation of the Skylab Cluster 
To enable artificial gravity experimentation by rotating the Skylab cluster 
about its center of mass, EPO ldl requires a minimum of developmental effort and 
should not impact the present Skylab schedule. The two areas of concern are the 
loads placed upon the solar arrays and ATM and the development of the passive 
radial transition elevator. Structural strengthening of the ATM and solar arrays 
would best be accomplished during fabrication; then structural integrity and dynamic 
response could be verified by testing to the new specifications in lieu of the present 
ones. Development and qualification of the elevator and its installation in the Skylab 
could easily be accomplished within two years. 
Experiments, instrumentation and equipment, mobility aids, and experi- 
mental procedures would be developed in the two years prior to launch, as  in the 
centrifuge programs. These activities would employ Skylab mockups from the exist- 
ing program together with elevator hardware from elevator development testing. 
Extension Booms for Space Station Rotation 
EPO 'el and let prime employ an extension boom to separate an expended, 
passive S-11 from the Space Station module to permit rotating the configuration about 
its center of mass and varying the distance of the rotating station from the center of 
mass. A counter-rotating area, part of the boom mechanism, nulls the artificial 
gravity resulting from the rotation of the configuration when it is coincident with the 
center of mass. EPO lel zone is in zero-g when the boom is fully retracted, while 
the 'el prime zone is in zero-g when the boom is fully extended. 
The development plans for these EPOS minimize the requirement for test 
hardware. The boom sections are  similar to one another, so relatively few tests of 
components satisfy the requirements for development, functional, and structural test 
data. The limited capability to test the complete boom on earth, and consideration of 
its high cost, result in the recommendation that the flight unit be used for qualification 
testing. It is assumed that the docking system to be employed and the propulsion re- 
quired will have been developed for other requirements and will be available for use 
on this program. These plans, then, will be concerned with development of the booms 
and counter-rotating areas, and their interfaces with the Space Station module and 
expended S-I1 stage. The development plan prepared for EPO lef is described in 
detail, while that for EPo lel prime (el) is described in terms of its difference from 
the lel plan. 
EPO 'el - Artificial G Extension Boom Counter-rotating Capsule - The 
technology required for this concept appears to be within the state-of-the-art for de- 
sign and fabrication, and its operation is within the projected staie-of-the-art. The 
schedule for EPO 'el, shown a s  Figure 30 , requires thirty-five months from go- 
ahead to launch of the boom. 
The material and component qualification tests (line 13) are  aimed a t  the 
motors, pulleys, seals, etc. , to be used in the boom, and the motor, bearings, com- 
munications gear, e t ~ .  , to be used in the capsule. 
Development and functional tests of key boom subsystems (line 14) include 
tests of the capsule, docking mechanism, and deployment mechanisms as well as  
boom structural elements and structural interfaces. 
The zero-g capsule will be the site of only zero-g tests, so relatively few 
experiments will be conducted there. The experiment and instrumentation tests 
(line 15) will not require as much capsule support hardware as  the centrifuge tasks. 
The mockup used for human engineering studies of the capsule area will suffice. 
This mockup will have access and viewing doors, ventilation, and the necessary fix- 
tures and instrumentation. 
The findings from the above tests can be accommodated if they indicate 
minor redesign. The changes would be incorporated into the prototype test hardware 
and verified during its testing. 
Major ground testing will be conducted on one complete prototype unit, 
(line 16). Deployment tests will employ rollers to support the moving boom sections 
while tension is maintained on the boom to simulate operational loads. Docking and 
launch loads will be imposed to verify structural integrity. The capsule area will be 
tested in a reduced pressure atmosphere to check ventilation. Hardware changes 
identified as  necessary could be retrofitted into the flight unit. In the event extensive 
changes a re  required, schedule slippage would occur. 
Crew, experiment, and maintenance tests (line 17) would be conducted, a s  
with the other EPOs, to collect baseline physiological data, develop experiment 
protocols, and verify the maintainability of the hardware. The capsule mockup and 
prototype hardware wi l l  be available to support these more or  less continuous tests. 
No neutral buoyancy testing is planned, as zero-g mobility in the boom and capsule 
would be facilitated by the proximity of the walls. 
Flight qualification testing (line 19) will verify performance of the boom in 
all predicted operating environments that can be simulated on earth. The major test 
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article, the unit intended for flight, will first be functionally tested in horizontal 
orientation to verify deployment mechanisms and controls, docking mechanisms, 
capsule operation, and environmental closures. Upon completion of these tests, the ' 
boom will be suspended vertically and vibrated to verify dynamic characteristics. 
A test tower would be required to house the deployed suspended boom. Alternatively, 
this test may be conducted in the VAB after delivery at the Cape. 
A second qualification test article, consisting of the structure housing the 
capsule, the first extension section, and the docking system, will be subjected to 
functional tests in an environmental chamber. These tests will verify system de- 
ployment and retraction under tension in simulated conditions of temperature and 
pressure. 
The flight hardware would then be reinspected and integrated with the space 
station module for launch. 
EPO- 'e Prime - Extension Boom with Counter-rotating Room - The 
principal differences between this and EPO 'ef are that this EPO has a larger 
zone of counter-rotation (extending past the envelope of the boom), and provides for 
articulation of the space station1 s solar arrays. These sophis tications extend the 
development span to thirty-nine months from go-ahead to launch. The schedule dif- 
ferences between EPOs 'ef and 'e' prime are: 
Line No. 
6 
Tasks 
Fabricate capsule mockup 
Time Increase 
1 month 
Fabricate ground test boom sections & 2 months 
capsule 
10 Fabricate flight unit 2 months 
16 Prototype ground test 2 months 
18 Flight qualification tests 1 month 
The development of EPO 'e' prime would require all the test hardware that 'el 
did, but 'el primes would be more costly. Manpower would be increased for all 
test activities including crew, experiment, and maintenance tests. 
Test Program Resource Requirements 
The purpose of development planning early in a program is to aid in under- 
standing the program's requirements for resources, namely, time and funds. The 
emphasis was placed on development testing in the plans above because of the effect 
that development testing has on cost. The development test requirements of each 
EPO were analyzed to permit estimation of manpower, haidware, and support 
equipment, so that the cost of these resources could be estimated. The estimation 
of test hardware and support equipment was straightforward; manpower was not. 
Skylab B Centrifuges - Starting with. EPO 'b' as baseline, each test was 
divided into small tasks. Then, using experienced judgment, the direct test manpower 
was estimated and direct support to test personnel was factored in. Several tests 
for EPO lc' were similarly estimated and compared to 'bl. It was found that hard- 
ware test manpower varied as the log of the hardware weight. This was to be ex- 
pected, as this is the essence of parametric cost estimation. The general manpower 
equation for each hardware test was established as: . 
of 'a1 or 'c' Manpower for 'a1 or 'c' = Manpower for 'bl x Weight of 'bl 
The exponent, 0.55, correlates well with other development cost esti- 
mating relationship scaling exponents (e. g. , propellant feed systems, structure, 
attitude control). 
The manpower for experiment related tests was judged to vary directly with 
the number of measurements possible. The general equation for each experiment 
related test was set as: 
Measurements for 'a' or lc' Manpower for 'a1 or 'c' = Manpower for 'b' x Measurements from lb' (2) 
From these equations, the manpower estimates for 'a1 and 'c' were finalized. 
Rotation of the Skylab Cluster - EPO 'dl would require hardware tests to 
qualify the elevator, and would increase the development test manpower slightly 
above that planned for the non-rotating configuration. The increment was estimated 
directly. Experiment related test manpower was estimated as in Equation 2 above. 
Extension Booms for Space Station Rotation - The vast difference between 
the Skylab centrifuges and the Space Station booms precludes the use of Equation 1, 
which is suited for a specific hardware family. The hardware test manpower for 
EPOs 'el and 'el prime was, instead, estimated directly as for EPO 'bl. Again, 
the manpower to support the tests of subjects, experiments, and instrumentation was 
estimated by Equation (2). 
COST ANALYSIS SUMMARY 
During the course of the study six different configurations were analyzed. The 
basic approach was to develop costs that represented the incremental cost associated 
with the performance of artificial gravity experiments. Four of the configurations 
were modifications of the Skylab. The remaining two configurations use the Space 
Station as  a basic element with an S-11 stage acting as  a counterweight during artificial 
gravity experiments. Three of the Skylab configurations make use of a self-contained 
centrifuge unit while the remaining Skylab configuration is rotated about its own center 
of gravity to generate an artificial gravity environment. Basically, the two Space 
Station configurations result in significantly higher costs. This is due, for the most 
part, to the need for much higher cost hardware. With the S-11 acting as  a counter- 
weight a long extensible boom is required in addition to a zero-g capsule. The lowest 
cost system was the simplified low capability centrifuge. I t  resulted in a cost of under 
$15 million, but is able to perform less than 10 percent of the complete experiment list. 
Rotation of the Skylab about its own center of gravity results in a low cost system that 
is able to perform =40%of the experiments. The low cost can be attributed to the lack 
of need for expensive new hardware and associated testing. The incremental total 
program costs for all configurations have been plotted a s  a bar chart (Figure 31) for 
con~parison. The significantly higher Space Station costs are  over twice that 
of the highest Skylab configuration and approximately five times that of the 
lowest cost Skylab configuration. 
Ground Rules and Assumptions 
1. In-house NASA costs are excluded from analysis. 
2. Costs do not include astronauts. 
3. Launch costs are  assumed identical except where separate Space 
Shuttle launches a re  identified. 
4. Costs are  in 1970 dollars. 
5. No learning is taken on hardware production because of small 
production quantity. 
6. S-I1 counterweight configurations are charged with cost of cargo 
module. 
7. The costs developed in this study represent total cost to the 
government for design, development, procurement and operation 
of alternative artificial gravity configurations. 
Vole I1 

8. Costs developed represent incremental costs that are chargeable to 
artificial gravity requirements. 
9. Present manufacturing and test facilities are  assumed adequate and 
available for the conduct of the program. 
10. All costs are  based on the assumption of single-shift operation. 
11. The development program is  assumed to be a nominal program 
carried out at  a nominally paced schedule. 
Methodology 
Each total program cost is made up of several cost elements. Each cost 
element i s  developed using several different approaches. The first  approach is to do 
a detailed labor and material estimate based upon a manufacturing plan and bill of 
materials. The manufacturing plan enables one to identify operations that have to be 
performed and from this direct labor hours can be developed. The hours can then be 
readily translated into dollars. The bill of materials identifies the quantity of raw 
materials and outside purchased parts. The above approach 
has been used to establish the theoretical f irst  unit (TFU) hardware cost for the base- 
line configuration. The TFU cost represents the cost of the first  production article. 
Another approach to cost element estimation is the use of parametric relationships that 
relate some element of cost to a cost driving variable. These cost estimating relation- 
ships (CERs) are developed by examining historical cost records and relating these 
costs to various parameters. This technique was used for most of the elements of cost 
that make up the total program costs. A third approach is to make direct estimates of 
manpower levels and task durations. This allows one to make a total man-months of 
effort estimate that can readily be converted to dollars. This approach was used to 
determine the cost of developmental testing. The fourth approach is to identify articles 
of hardware that are  required to do a task such a s  developmental testing. These require- 
ments are  specified by the development plan and can be converted to dollars by making 
use of the detailed theoretical first unit costs. The last approach is to make a point 
estimate for a given cost element based on previous experience. The quality of such 
estimates is strongly influenced by the experience and competence of the estimator. 
The cost estimates for the six different codigurations (EPOs) were made using 
different combinations of the above estimating techniques, For EPOs 'a', 'b', and 'c' the 
theoretical f irst  unit costs were developed from a detailed manufacturing analysis of 
the material and labor requirements. Figure 32 shows the manufacturing Work Break- 
down Structure that was used to generate the direct labor costs. The estimated direct 
labor hours and costs for the baseline configuration, EPO 'b', have been tabulated and 
appear on Table 4. 
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Figure 32. Research Centrifuge - Mitliufacturing WBS. 
Table 4. Orbital Research Centrifuge First Art icle  
Direct  Labor Hours (DLH) Estimate. 
RECURRING 
MANUFACTURING 
FABRICATION 
ASSEMBLY 
ZELIABILITY 
QUALITY 
CONTROL 
ASSURANCE 
TOOLING 
MAINTENANCE 
TOTAL HOURS. 
Material costs for the baseline configuration were estimated at the level shown 
in Table 5, In addition, raw materials were estimated at a similar level of detail. 
The first unit costs for EPOs 'a' and 'c' were estimated in a similar fashion at the 
same level of detail. A good deal of detail design data was available for a "grass- 
roots" estimate; therefore this technique was used. The subsystem costs defined are  prim: 
subcontractor costs for specific pieces of hardware and the cost category of vendor 
development represents nonrecurring costs incurred by subcontractors, The data 
generated by the above analysis was then used to generate CERs for an orbital centri- 
fuge type of tehcnology. These CERs are diven by weight and were used to generate 
theoretical first unit hardware costs for EPOs 'el and 'ef prime. In all six' EPOs t 
Engineering Design and Development, Tooling, Systems Engineering and Integration, 
and Ground Support Equipment costs were generated with CERs. Special Test Equip- 
ment and Mission Support are based on a point estimate that was scaled where neces- 
sary. Program Management is a 10 percent increment of all engineering labor costs. 
The cost of System Test and Evaluation was determined from an analysis of the 
development plan, Developmental testing covers all the labor required for the various 
developmental tests and Developmental Hardware covers all the hardware required. 
The development plan identifies specific test tasks and an estimate of the manloading 
required for their conduction. The list of experiment tasks required for each con- 
figuration and the estimated man-months required for each is tabulated and appears 
a s  Table 6, Test hardware requirements for the baseline configuration were developed 
at the subsystem level a s  shown in Figure 33 and then converted to equivalent ship 
sets of hardware for conversion into dollars. 
Results 
EPOs 'a', 'b', and'c' have a comparable level of detail and analysis available 
for cost analyses. EPO 'd' has the least amount of available detail and analysis and 
hence is the least solid of all the estimates. EPOs 'e' and 'eg prime represent an 
intezmediate level of analysis somewhere bemeen 'a', 'b', 'cP, and Id9. EPO 'b' 
represents the baseline configuration against which other configurations can be 
compared. The total program cost refers to the difference in cost in a Skylab or  a 
Spsce Station configuration with artificial gravity experiment capability added. It 
does not refer to the difference from the baseline EPO 'b'. 
For EPO 'av, costs have been generated with the centrifuge located a$ shown 
in installation :Option '. There is not significant cost differences between installation 
Option land Option 2 through both are  less costly than Option 3 where the LO2 
tank has to be cut in two and then rejoined and tested. 
Table 5 . Baseline ORC mechanism Elements. 
ITEM NO. REQ. DESCRIPTION COST EST. ($) 
1) PRIMARY DRIVE SYSTEM 
I Motor & inverter 1 controller REF deep quest , motor system (Hoover Elec) 
Wt = Tachometer 1 
32 lb 1 Brake assembly 1 
I Drive logic & ramp generator 2 Gear box 1 
Induction type $10,000 
4-pole/l20 cycle 
3-HP @ 3500 rpm 
Mechanical/s olenoid 1,000 
operated 
Blk box electronics 16,000 
Ratio 8: 1 3,000 
Segmented ring gear 1 P.D. 48" AL.768 teeth 1,000 
weight = 3.5 lb 
I___ 
33,000 
2 )  PRIMARY COUNTERWEIGHT 
Motors 2 1/4 HP-brushless D. C . 15,000 
Harmonic drives 
Wt = Gear box assembly 
39.2 lb (2-speed drive) I 
6 lb ea. 'Drive screws 
( Axial drive motors 
Wt = Gear box assembly 
41 Ib (2-speed drive) I 
\ Drive screw 
2 50:l reduction 4,000 
2 10:l & 20:l outputs 6,000 
(23 gears in ea. box) 
2 6 f t  long x 1" diameter 4,000 
0.413 lead - 150 rpm 
3) BALANCE SENSING SYSTEM 
I Sensors 6 
18 lb I Sensor mounting frame 3 
Electronics 1 
1/4 HP-brushless drive 15,000 
28 gears 6,000 
2.5 f t  long x 1" dia. 1,500 
51,500 
See specs 8,000 
1.6 x 3.5 x 7.8 
Control package 15,000 
23,000 
Table 5. Baseline ORC Mechanism Elements (Cont'd) 
- -- 
ITEM NO. REQ. DESCRIPTION COST EST. ($) 
4) SECONDARY CW SYSTEM 
( ~ o t o r s  2 1/3 HP/400 Hz motor $3,000 
30 lb 1 Gear box assembly 2 and harmonic drive 6,000 
9,000 
5) HUB MOUNTED EQUIPMENT 
system 24 2" dia. ball bearing 5,000 
sealed rollers 
1 Generator 
5.2 Ib 
Inverters 
1 15/30 volts D C / ~ O  amp/ 3,000 
1500 watts 
1 28 VDC to 400 cps AC 5,000 
Power distribution & control 2 Solid state blk box elec . 25,000 
battery changer distribution 38,000 
6) EXPERIMENT SUPPORT EQUIP. ( Apparatus & instrumentation 
Support frame drive 1 harmonic drive-fractional 
HP 
Passive transition drive system 1 harmonic drive-with 10,000 
1/4 HP/400 Hz 
7) MISCELLANEOUS 
Communication & control 4 Black box electronics 25,000 
2 lb Batteries Est. 32 28 VDC - rechargeable 18,000 
43,000 
Total Hardware 207,500 
Vendor Development 300,000 
TOTAL $507,500 
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For EPO 'b', the centrifuge has been located as  shown in illstallation Option 1. 
Installation Option 2 is more costly because once again the oxfdizer tank must be cut, 
rejoined and tested after centrifuge installation. This is also true for EPO 'ct. 
EPO 'd' involves spinning the Skylab about its own c, g. to create an artificial-g 
efivironment, Doing this requires slight modification to the Skylab. The ATM and 
solal array have to be structurally beefed-up. The experiment area has to be modified 
with room divideps, hand holds, etc., and provisions must be made for additional 
propellant and tankage to spin up and spin down the Skylab. In addition, an experi- 
ment elevator has to be provided for passive radial translation experiments. These 
items have been costed and appear a s  operational hardware for EPO 'dt, The propel- 
lant required for spin up and spin down is insignificant from a cost point of view. 
Spinning up thd Skylab requires attitude control system software modifications and 
provision for this in the cost summary has been made. 
EPO 'e' requires an extensible boom for attachment of the S-I1 counterweight 
to the Space Station. In addition, a zero-g chamber is built into the boom for isola- 
tion of the test Subject, Tankage and lines, a s  well a s  propellant must be provided 
for spin up and spin down of the configuration. Room dividers, hand holds, panels, 
etc, , must be added to the experiment area. The above items have been costed and 
appea? a s  operatiorial hardware for EPO lev, The cost of the spin up and spin down 
propellants is relatively insignificant from a cost point of view. 
EPO 'e' prime is similar to EPO 'e'. The basic difference is that the diameter 
of the zero-g chamber is larger for EPO 'et prime. This change causes the boom to 
be broken into two sections. This necessitates design changes for the power module 
that orients the solar arrays. In addition, EPO 'e' prime requires two Space Shuttle 
launches for putting the boom into orbit in contrast to the one launch required for 
EPO let. Both tcf,  'd' and 'e' configurations require a cargo module for spin up and 
spin down operations. 
All of the configuration costs were analyzed and funding spreads developed. 
These funding requirements have been plo&ed and appear as  Figures 34 through 39. 
A s  can be seen from the plots, the funding requirements for the Space Station associ- 
ated centrifage EPOs are  considerably higher than the others. Peak funding require- 
meMs are  almost three times as high a s  the funding for baseline EPO 'b'. 
All EPOs require launch by an Intermediate 21 vehicle. For EPOs 'at, 'b', 
and 'ct, the centrifuge i s  launched as an integral Part of Skylab B. For EPOs 'e' 
and 'ef prime additional launches of the Space Shuttle a re  required. EPO 'e' needs 
one Space Shuttle launch to put the extensible boom into orbit. 
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This boom is capable of being launched as  a single unit. For EPO 'el prime the 
larger zero-g capsule causes the boom to be launched in two separate pieces. For 
both the 'e' EPOs a cargo module is required to provide spin up and spin down 
capability . 
Costs for all EPOs have been tabulated and appear a s  Table 7 through Table 
12. All costs represent the incremental total program costs that can be identified 
as  artivicial gravity related. Definitions of the various cost categories have been 
developed and a r e  as  follows: 
Space Centrifuge Operational Hardware - One flight unit of operational hardware. 
For the baseline this consists of a structural subsystem, primary drive subsystem, 
counter balance subsystem, communication subsystem, experiment equipment sub- 
system, etc. This is  the hardware that is used to perform the actual program experi- 
ments. 
Engineering Design and Development - All engineering labor and material needed 
to design and develop the basic centrifuge related subsystems. This, in general, 
includes the work of engineers, draftsmen and technicians, but specifically excludes 
Developmental Testing and Systems Engineering and Integration personnel. 
System Test and Evaluation 
Developmental Testing - Covers the labor cost of all personnel directly 
associated with testing including test preparation and conduction, data reduction and 
reporting and technical support for instrumentation, calibration, test set-up, etc. 
Developmental Hardware - Includes the cost of all centrifuge related hardware 
required to conduct the test program including laboratory component development 
testing. Also included are  spares for both the operational and developmental phases. 
Tooling - This covers the cost of all tooling required to manufacture the centri- 
fuge related hardware. 
Systems Engineering and Integration - This covers the cost of the common effort 
required to support the development of all the subsystems. Includes analytical support 
groups, systems analysis, configuration control, etc . 
Ground Support Equipment - Includes the cost of engineering design and develop- 
ment, test, and procurement of handling, servicing and checkout equipment associated 
with the centrifuge and experiment equipment. 
Table 7. Experiment Performance Option 'a' 
ATOTAL PROGRAM COSTS ($M) 
OPERA TIONA L HARDWARE 0.414 
Rotating Portion of Centrifuge 
Centrifuge Assembly 
Assembly Labor 
Communication and Control 
Couch Assembly 
Assembly Labor 
Structure Material 
Vendor Development 
Hub Assembly 
Assembly Labor 
Primary Drive System 
Hub Mounted Equipment 
Vendor Development 
Swing Arm Assembly 
Assembly Labor 
Counterweight System 
Vendor Development 
Experiment Equipment 
Fixed Portion of Centrifuge 
Assembly Labor 
Roller Support Ring 
Roller Assemblies 
Control Console 
Operational Spares 
INSTALLATION AND CHECKOUT 
ENGINEERING DESIGN AND DEVELOPMENT 
SYSTEM TEST AND EVALUATION 
Development Testing 
Developmental Hardware 
TOOLING 
SYSTEMS ENGINEERING AND INTEGRATION 
GROUND SUPPORT EQUIPMENT 
SPECIAL TEST EQUIPMENT 
MISSION SUPPORT 
PROGRAM MANAGEMENT 1.005 
-
TOTAL $14.489M 
Table 8. Experiment Performance Option 'b' 
ATOTAL PROGRAM COSTS- ($M) 
OPERATIONAL HARDWARE 1.960 
Rotating Portion of Centrifuge .887 
Centrifuge Assembly .066 
Assembly Labor .023 
Communications and Control .025 
Batteries .018 
Room Assembly .283 
Assembly Labor .074 
Structure Material .lo0 
Secondary Counterweight Sys ,009 
Vendor Development .lo0 
Hub Assembly .237 
Assembly Labor .032 
Structure Material .001 
Primary Drive System .033 
Balance Sensing System .023 
Hub Mounted Equipment .038 
Experiment Support Equipment .010 
Vendor Development .lo0 
Swing Frame Assembly .201 
Assembly Labor .048 
Structure Material .001 
Primary Counterweight Sys .052 
Vendor Development I . l oo  
Experiment Equipment 
Fixed Portion of Centrifuge 
Assembly Labor 
Centrifuge Support Ring 
Roller System 
Control Console 
CMG System 
Noise and Vibration Damping 
Drive System 
Sky lab Modifications 
Struts and Structure 
Safety Diaphragms 
Operational Spares 
INSTALLATION AND CHECKOUT .244 
Table 8. Experiment Performance Option 'b' (Continued) 
ENGINEERING DESIGN AND DEVELOPMENT 9.400 
SYSTEM TEST AND EVALUATION 13.868 
Developmental Testing 
Developmental Hardware 
TOOLING 
SYSTEMS ENGINEERING AND INTEGRATION 
GROUND SUPPORT EQUIPMENT 
SPECIAL TEST EQUIPMENT 
MISSION SUPPORT 
PROGRAM MANAGEMENT 2,244 
TOTAL $36,326~ 
Table 9. Experiment Performance Option 'e' 
ATOTAL PROGRAM COSTS @M) 
OPERATIONAL HARDWARE 1.932 
Rotating Portion of Centrifuge 
Centrifuge Assembly 
Assembly Labor 
Communications and Control 
Batteries 
Room Assembly 
Assembly Labor 
Structure Material 
Vendor Development 
Hub Assembly 
Assembly Labor 
Structure Material 
Primary Drive System 
Balance Sensing System 
Hub Mounted Equipment 
Experiment Support Equipment 
Vendor Development 
Swing Frame Assembly 
Assembly Labor 
Structure Material 
Primary Counterweight System 
Vendor Development 
Experiment Equipment 
Fixed Portion of Centrifuge 
Assembly Labor 
Centrifuge Support Ring 
Roller System 
Control Console 
CMG System 
Noise and Vibration Damping 
Drive System 
Skylab Modifications 
Struts and Structure 
Safety Diaphragms 
Operational Spares 
INSTALLATION AND CHECKOUT x 
ENGINEERING DESIGN AND DEVELOPMENT 9.100 
Table 9. Experiment Performance Option *et , (Continued) 
SYSTEM TEST AND EVALUATION 
Developmental Testing 
Developmental Hardware 
TOOLING 
SYSTEMS ENGINEERING AND INTEGRATION 
GROUND SUPPORT EQUIPMENT 
SPECIAL TEST EQUIPMENT 
MISSION SUPPORT 
PROGRAM MANAGEMENT 
TOTAL $35.113 M 
Table 10. Experiment Performance Option 'd' 
ATOTAL PROGRAM COSTS ($M) 
OPERATIONAL HARDWARE 
Structural Beef-up 
Room Dividers, Hand Holds, Etc . 
Spin Up and Spin Down Propellants 
Tankage and Lines 
Experiment Elevator 
Experiment Hardware 
Operational Spares 
ENGINEERING DESIGN AND DEVELOPMENT 
Operational Hardware Associated 
ACS Software Changes 
SYSTEM TE.ST AND EVALUATION 
Developmental Testing 
Developmental Hardware 
SYSTEMS ENGINEERING AND INTEGRATION 
GROUND SUPPORT EQUIPMENT 1.050 
SPECLAL TEST EQUIPMENT .400 
MISSION SUPPORT 1.500 
PROGRAM MANAGEMENT 1.221 
TOTAL $17.963 M 
Table 11. Experime~t  Performance Option 'et 
ATOTAL PROGRAM COSTS ($M) 
OPERATIONAL HARDWARE 7,057 
Boom and Attachment 5.040 
Room Dividers, Handholds , Etc . .050 
Spin Up and Spin Down Propellants - - 
Tankage and Lines ,675 
Zero g Chamber .550 
Experiment Equipment i 100 
Operational Spares .642 
ENGINEERING DESIGN AND DEVELOPMENT 
SYSTEM TEST AND EVALUATION 
Developmental Testing 
Developmental Hardware 
TOOLING 
SYSTEMS ENGINEERING AND INTEGRATION 
GROUND SUPPORT EQUIPMENT 
SPECIAL TEST EQUIPMENT 
MISSION SUP PORT 
PROGRAM MANAGEMENT 
SPACE SHUTTLE LAUNCH 
CARGO MODULE 
4.400 
8.000 
3.525 
.400 
1.500 
3.688 
3.130 
17.500 
TOTAL $89.679M 
Table 12. Experiment Performance Option 'el Prime 
A TOTAL PROGRAM COSTS 
OPERATIONAL HARDWARE 9.609 
- Boom and Attachment 4.440 
Zero g Room and Boom Section 
Zero g Chamber 
A Power Module 
Room Dividers, Handholds , Etc . 
Spin Up and Spin Down Propellants 
Tankage and Lines 
Experiment Equipment 
Operational Spares 
ENGINEERING DESIGN AND DEVELOPMENT 
SYSTEM TEST AND EVALUATION 
Developmental Testing 
Developmental Hardware 
TOOLING 
SYSTEMS ENGINEERING AND INTEGRATION 
GROUND SUPPORT EQUIPMENT 
SPECLAL TEST EQUIPMENT 
MISSION SUPPORT 
PROGRAM MANAGEMENT 
SPACE SHUTTLE LAUNCHES (2) 
CARGO MODULE 17.500 
TOTAL $110.634M 
Special Test Equipment - This element covers all speciai test equipment 
required for the centrifuge development task. I t  includes such items as  an airbearing 
support, mounting platforms, test stands, etc. 
Mission Support - Includes centrifuge experiment support requirements such as  
mission planning, experiment operations, mission control operations, mission support, 
experiment data, etc. 
Program Management - This element covers the cost of specially required 
management reporting necessary to translate contractor data to meet NASA reporting 
requirements. Also includes any contractually required tasks such as  special briefings 
and customer coordination. 
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EXPERIMENT DEFINITION AND ANALYSIS 
The data requirements, both explicit and implicit, set forth by the Hammer- 
smith Artificial Gravity Committee (AGC) in their April 1970 draft report on an Arti- 
ficial Gravity Experiment Definition Study were used as the principal guidelines for 
this study. The experimental objectives defined in that report, as  well as the tests 
and inertial profiles which it recommends for  accomplishing those objectives, were 
considered to be inclusive, and representative, enough of the first-order require- 
ments for space based inertial studies to provide valid performance criteria for  cen- 
trifuge EPO comparison. Based on the premise that the experiments suggested in 
the AGC report imply those current groundbased techniques that a re  reasonably stan- 
dardized and potentially flight compatible, these experiments were defined and their 
methodologies analyzed, covering all in-flight factors germane to the centrifuge 
trade-off study that could be delimited within the groundrules of this study. 
Using the general scheme of the AGC report, the individual experiments are 
assembled as to group, sub-category , and category, The three general experimental 
categories are  (I) ~ed ica lh?h~s io lo~ ica l ,  (11)Human Performance, and (111) Habitability, 
and are presented herein in that order. These categories are differentiated into experi- 
mental sub-categories, each consisting of experiments sharing a common experimental 
objective. These experimental sub-categories are further divided into groups consis- 
ting of experiments that share more specific commonalities, e. g. , the investigation 
of a specific psychophysiologic system, performance activity, or  habitability aspect. 
In the experimental descriptions that follow, the textual format follows 
essentially the format adopted for the Information Matrix Part I1 tin the ordering of 
key items, to facilitate the reader's relating from a specific experiment's entry in 
the ,data matrix to its discussion in this section. 
In the indicing of individual experiments, those including a subscripted '1' 
conform precisely to the AGC-suggested iner t id  profile, following one o r  more 
phases of the total mission profile presented in Figure 40, Those experiments indexed 
with a subscripted *2' are  characterized by only a minor - though significant from 
a data validity standpoint - deviation from the AGC inertial profile. Those experi- 
ments indexed with a subscripted '3' involve major deviations from the constraints af 
of the AGC report for  at least one of two reasons: (1) because it is concluded that 
changes in an approach, e. g., to reduce sequential artifacts, will improve the data 
return, o r  (2) because it is concluded that changes in an approach will make it more 
compatible with a particular centrifuge EPO, and still provide data return compar- 
able to the AGC approach. 
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CANDIDATE MISSION SEQUENCE SATISFYING REQUIREMENTS OF: 
N 
00 MEDICAL - PHYSIOLOGICAL EXPERIMENTS HABITABILITY EXPERIMENTS 
PERFORMANCE EXPERIMENTS 
RADIUS OF CREW EXPERIMENTS (FT,) 
16 
VEHICLE 
' RPM 
TIME IN MlSSlON (DAYS) 
Figure 40. Mission Inertial Profile for Artificial Gravity Experiment 
In the descriptive texts of the experiments, all key items are  capitalized and 
are  defined as follows: The Experimental Source Reference pertains to the group re- 
sponsible for including the particular experiment as  part of the spacebased artificial 
gravity study. The Experiment Source Reference is either the Artificial Gravity Com- 
mittee (AGC) o r  the General Dynamics Convair (GDC) personnel who performed this 
study. The Experimental Source Reference has no relationship to the source of the 
m ethodology selected to perform the particular experim ent. 
Common-use equipment refers to to those items that would probably be used in the 
performance of a large number of flight experiments, whichever of the experiments 
included in this report were finally selected for  an actual flight program. Common- 
use equipmenti are not listed in the Information Matrix. Major Instruments or  Appara- 
tus (Experiment-peculiar items) a re  equipment that would probably be used only for  
one specific experiment, o r  at most a: rather limited number. For  this report, these 
a re  items that in most instances would not be flown unless that particular experiment 
was selected a s  part of the flight program. 
The Subject Pre-Test State is a description of the test Subject1 s psychophysio- 
logic condition to the extent that is pertinent to the valid conduct of the test activity. 
A s  these descriptions assume that standardized means would be used to control non- 
inertial contingencies and all inertial artifacts, the definition of the Subject Pre-Test 
State consists of characterizing the required inertial exposure of the Subject leading up 
the initiation of test activity. The Subject Pre-Test State is the first item in the defini- 
tion and analysis that is rated as  to each Experiment Performance Option1 s (EPO1 s) 
capability to provide the item in question. Each EPO is rated excellent, good, fair, 
poor, marginal, o r  unacceptable, each rating level being represented in its Information 
Matrix entry by a particular tone density-coding. This tonal coding varies from black 
(for unacceptable) through shades of gray (indicating a gradual improvement in capability 
as  the tone lightens), to white (for excellent), and allows the reader to make a quick 
visual assessment of the capability of each EPO in providing the conditions required for 
successful performance of the experiment. The same rating scheme and matrix coding 
scheme is used for all rated items in the experiment definitions and analyses, with only 
the criteria used to establish ratings varying from item to item. In all cases, the se- 
lected rating criteria are  those factors most crucial to the successful attainment of the 
experiment's objective. The philosophy of criteria section and EPO rating is described 
in greatest detail in the initial experimental definitions and analysis, to which the reader 
is then referred. The combined EPOs ('b' + 'dl and 'b' + let) are not discussed in the 
experiment texts, but -- a s  designated in the Information Matrix -- are  rated equal 
in capability at least to  the level of the most capable EPO of the pair. 
The Test Subject Activity describes the Subject's required participation in the 
experiment, the only variation being that in the Category 111 (Habitability) physical 
experiments this item describes, instead, the activity of the examiner directly conduct - 
ing the experiment. The rating criteria for this item relate to the feasibility of the 
activity being performed, not to how well it can be performed. For example: How well 
does the EPO meet the spatial requirements of the test?  How well does the EPO 
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facilitate the presence of personnel required to implement the Subject activity? How 
well does the activity sustain the automation required by a iarticular EPO? These a re  
some of the typical questions used to rate EPOs for this item. 
Total Time is the duration of clock (or calendar) time from the beginning of the 
first testing repetition to the end of the last testing repetition, i. e. ,  the total duration 
of the particular inflight experiment. The EPO rating criteria for this factor relate to 
meeting two requirements: one, maintaining a habitable environment for the Subject 
fo r  that length of time, and two, meeting the power requirements for  providing the 
specified inertial environment for that length of time. The repetition Interval is the 
clock time in hours from the beginning of one testing repetition (session) to the begin- 
ning of the next repetition. It is assumed to be the same for all EPOs and, therefore, 
is not rated. The number of Data Points refers to the total number of data points genera- 
ted by completing all of the testing repetitions for a single Subject. It is assumed that 
there is no relative EPO difference in the Number of Data Points, so this factor is not 
rated. The Subject Time per  Data Point is the ratio of the total experimental time 
penalty for the Subject (including his time requirements for setup, testing, and clean- 
up) to the number of data points derived. It was not within the scope of this contractual 
study to consider the experimental time commitments within the context of an overall 
mission crew function analysis, therefore, it was necessary to assume that the Subject 
Time per Data Point is the same for  all EPOs, eliminating any basis for  rating this 
factor in the data matrix. 
The Measurement Environment factors are  limited to the pertinent inertial envi- 
ronment parameters, the EPO ratings being based on the respective capabilities for 
providing each range o r  level specified by the experimental method. With radius capa- 
bility fixed by the radial position of the Subject within the structural confines of each 
EPO, the RPM and g-level are usually direct functions of one another. This relation- 
ship set the basic constraint of the Measurement Environment EPO rating: once either 
the RPM o r  the g-level was selected as  the most critical inertial parameter for  a 
given experiment, the remaining parameter became the dependent variable with its EPO 
capability restricted to whatever was provided by the specified independent variable. 
F o r  example, if an experiment required a low ceiling on RPM, the g-level capability 
considered in rating each EPO was not what it could provide under maximal RPM, but 
what the particular low-RPM specification would provide for that experiment. 
The g-Gradient Ratio is a function only of the radial position and posture of the 
Subject during testing, being the ratio of the height of the Subject along the radius to 
the radial distance from the spin axis to the Subject1 s dependent limit. 
The EPO ratings for Experiment Objective Attainment a re  based on how well the 
experiment1 s objective can be achieved using each particular EPO as  the required 
inertial device. These EPQ ratings reflect all of the EPO ratings of the individual fac- 
tors constituting the experimental requirements. 
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Crew Time per Bats Point ia analogous to Subject Time per Data Point, being 
the mt2o of tbe total man-hour (including the Subject1 8)  penalty-to the Number of Data 
Point@ derived, This parameter also is aot rated, 
Equipment Weight and Volume refer to these penalties for the Exgerimgt-peculiar 
item@ required, the figurns being based on equipment already rated for  Skylab experi- 
ments, on estimates from Oontactorsl reporta on IMBLm a d  the Biotecbology Lab* 
oratdry for Manned Eartfi-iorbital W ~ d o n s ,  o r  on knowledgeable judgments. 

The medical and physiological studies required for a complete evaluation of 
artificial gravity have two major purposes. The f i rs t  is to determine the design en- 
velope in terms of gravity and angular acceleration levels within which a large pro- 
portion of future space base personnel will be able to perform their tasks safely and 
effectively without experiencing any of the untoward effects of rotation. The second is 
to determine the value of partial gravity in maintaining the condition of physiological 
systems for long duration exposures to the space environment and for the stresses of 
reentry and readaptation to the terrestrial gravitational field. When these results are 
known it should be possible to establish physiological design criteria for the construc- 
tion of rotating modules in future space stations, the space base, and other long dur- 
ation manned vehicles. The major objectives which constitute the bulk of the medical 
and physiological protocol are: 
To find the maximum angular velocity limits for a population 
characteristic of space base personnel. 
- To determine tolerance to frequent large step changes in 
angular velocity. 
To evaluate adaptation of physiological systems to partial 
gravity (near 0.5 g). 
To compare results of the adaptation to partial gravity with 
the same crew in null gravity. 
* To determine the extent to which reconditioning by artificial 
gravity after zero gravity increases tolerance to reentry 
s t ress  and normogravitational orthostasis. 
. To measure incidence of space sickness in zero gravity and 
the effectiveness of artificial gravity in eliminating it. 
These objectives constitute the bases for the medical/physiological experiment sub- 
categories. 
1-1.0 Tolerance to 9 u l a r  Velocity - The common objective of the experi- 
ments in this sub-category is to determine the rate of rotation to which crew members 
can accommodate without significant impairment of wellbeing and performance, de- 
riving from that information (1) the dependence of rpm tolerance on g level, (2) the 
validity of ground simulation, and (3) the tolerance envelope of a large population 
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characteristic of future space base personnel. 
The motion sickness syndrome is the chief factor preventing human tolerance 
to high rotation rates. There is variability between people, but i t  can be predicted 
that if no special precautions are  taken, about half of the general population would re- 
quire some degree of conditioning at 2 rpm to carry out normal daily activities on a 
ground based rotating platform. This means that some form of preconditioning will 
be necessary in the future for artificial-g modules o r  vehicles. This could be carried 
out in space o r  on the ground. Head rotations are the stimuli which appear to cause 
this motion sickness. When the head is. turned out of the plane of rotation, the semi- 
circular canals sense not only the angular acceleration imposed by the voluntary head 
motion, but also an angular rotation at right angles to both the angular velocity of the 
environment, and that of the head. Vestibular stimulation of this type induces motion 
sickness when strong enough to create a marked conflict with the other predominating 
senses dealing with body orientation: (a) vision, (b) muscle and bone joint pro- 
prioception, and (c) touch and pressure. Conflict with cognition, i . e. , awareness 
of the real situation, may also play a part. It is not presently known why the central 
nervous system reacts to a severe conflict by producing the motion sickness syndrome. 
The vestibular system occupies a central role. Subjects without functional semi- 
cicular canals cannot usually be made motion sick. 
Since the strength of the anomolous sensation depends on the product of the 
head and environment rotations, the tendency to become sick can be made negligibly 
small by restricting head movements which occur out of the plane of platform rotation. 
Another way of reducing the effect is to become habituated to the environment by ex- 
tensive training o r  by intentionally making repeated head movements that are small 
enough to avoid motion sickness but large enough to cause some sensation. The 
large variability of motion sickness thresholds in different people is presumably due 
in large part to differences in experience. Prediction of impending motion sickness 
can be made, by subjective sensations as well as by measuring the eye movements 
(nys tqgnus) and visual illusions (the oculogyral illusion). The earliest stage of the 
syndrome usually is a sense of drowsiness and boredom, and the symptoms progress 
through stomach awareness and nausea and eventually to vomiting. The early levels 
of discomfort (drowsiness and sweating) generally do not influence task performance 
directly but do cause the individual to become less active and bored when he is not 
performing his assigned duties. Adaptation schedules and other techniques to reduce 
motion sickness tendencies are  being developed. Current methods of categorization 
are  subjective, but attempts are being made to develop objective quantitative cor- 
relates of the stages of motion sickness, including hormone and enzyme measure- 
ments. Work is also underway to investigate the usefulness of drugs in preventing 
motion sickness without producing undesirable side effects, and to learn more about 
134 VOL. I1 
the ofigin of the syhdrome. 
Because of the li ttle-understood interaction of the otolith organ with the semi- 
circular canals, it is possible that adaptation to rotational states may be different in 
asl orbital environment than on earth, and that the variation in gravity experienced at 
dieereht radii for constant rpm may affect the cross-coupled angular acceleration 
thresholds for head mbvements. However, most current evidebce suggests that the 
susceptibility to motion sickness inay be largely independent of gravity level. In a 
$price base it is extremely ilnportant to be able to reliably avoid occufrence of motion 
aichess. If an individual experiences such an episode, his performhce and his 
attitude toward ground control, the other crewmen, and his dltties aboard the space base 
may be maekedly affected. At the same time, an adequate strength gravity field was 
asstuned by the &round rules of the AGC study to be desirable fbr  long duration space 
missidas, ~ i l h  the major objective of it& proposed artificial gravity experiment being 
tBe eliinination of uncertainties concerning rotational tolerarreg. 
The purpose of the spacebased rdeasure*ents keqhired is the defhitioi of 
the limitation imposed on angular velocity of the rotating vehicle by motion sickness 
in the ckew. The AGC apprbach is to expose the crew to t&e highest slrigaiar velocity 
possible in 2 rpm steps, each lasting 24 hours at a fixed radiw. The rebsahs fol: 
clUousifig the gradual acceleration are! 
Grtrund based work indicates that gradual increases will allotv the 
Highest ultimate angular velocity obtainable; 
The approach is to dompare the flight results with those obtained 
during similar tests in centrifuges on the ground. Ground simu- 
lation is always slightly above 1 g. 
Knowing the validity of simulaiion, large populations can then be 
studied for Ijurposes of defining design parameters of futurlt bases. 
Since orre 6f the unknowns of rotation in the weightless environment is the effect of g- 
level on the tolerance to head-motion-induced disorientation, it is proposed to then ex- 
mine two additional gravity levels at each angulap velocity level during subsequent 
sbin down. This is achieved by having the crew members carry out a test series at 
Wa allditional radii. If the results are no different at these levels, it is re8sonable 
to sbppese that test reactions will also be Similar at any radii required. This is not+ 
predidted as a result of gromd based studies on centrifuges, and if confirmed in 
flight Would lrieab tHat relatively short radii are suBicient to examine angular velocity 
tolekance levels for future vehicles with larger radii and, therefore, higher g l e v e l ~  a t  
a specific angular velocity, 
The first two or three days (early Phase 11 in FiguPe 40) expose the crew 
members to lbw gravity levels which may bring about the alleviatioin of any space 
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sickness. Therefore, the performance of this sub-category of experiments overlaps 
those of the space sickness sub-category (1-6.0). 
The AGC recommends that, if at all possible, rotation during Phase I1 pro- 
ceed to a reasonably high level, with a maximum of 10 rpm. The crew is not tested 
at gravity levels higher than 1. If one crew member develops early signs of motion 
sickness, he does not participate in any further test. As soon as a second crew 
member shows early signs, the test is terminated, and the vehicle spun down in 
steps (Phase 111) for the tests at the other radii. 
The most critical aspect of the spacebased experimentation to determine 
tolerance to angular velocity is the definition of its g-sensitivity in the hypogravita- 
tional range. This relationship cannot be directly examined on the ground, yet it is' 
probably the single most important contingency question in the consideratipn of arti- 
ficial gravity feasibility. In view of this significance, and based on relevant ground- 
based data, GDC recommends a change in the Phase I1 and 111 inertial profiles des- 
cribed above. Groundbased testing during the last few years have conclusively demon- 
strated that reductions in rpm after prolonged rotation are not characterized by signi- 
ficant untoward symptoms if the changes are somewhat graduated. NAMI personnel 
have studied this phenomenon extensively and conclude that by means of "over 
adaptation at terminal velocity the symptoms became trivial or  nil on cessation or 
reduction of rotation. They suggest that this is the result of yet undefined autonomic 
central nervous system mechanisms. The relevance to the AGC inertial profile is 
obvious: once the Subjects are thoroughly habituated to rotation by Phase 11, angular 
velocity tolerance testing as a function of other radii (g-levels) during the reduced 
spin rates of Phase 111 mayhave little validity. The GDC experimental redesign, 
which eliminates this important artifact, is incorporated in the subscript '2' concepts 
of the 1-1.0 experiments that follow. 
The net result of the experiments to be described is to define the upper 
limits for  angular velocity tolerance for  the crew. If the results are  similar at the 
various gravity levels (radii) imposed, extrapolation can be made with reasonable 
certainty to larger radii, hence higher g-levels for future vehicles. Even if there is 
a consistent difference between the angular velocity responses at each g-level, 
reasonak.ic extrapolation to larger radii may still be feasible. In this way it should 
be possible to examine the requirements for artificial gravity without the use of cable 
systems o r  other devices for extending the radius of rotation of an early station o r  
existing system. 
1-1.1 Vestibular and Related Phenomena 
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1-1. l a l  Oculogyral Illusion (OGY) - The axperimentls objective is to pro- 
vide a relatively sensitive measure of vestibulogenic response to cross-coupled 
stimuli as the initial determination of angular velocity tolerance and its g-sensitivity 
following each inertial change. 
The Experimental Source Reference for this study definition is the Artificial 
Gravity Committee (AGC). The Measured Phenomenon, the OGY, consists of the per- 
ception, by a Subject exposed to angular acceleration, of the illusory movement of a 
viewed target fixed relative to him. The mechanism, as yet undefined, of the illusion 
seems best explained on the basis of the motor theory of egocentric visual localization, 
that is, upon the eye reflexes elicited by stimulation of the canals and counteracted by 
voluntary innervation of the eye muscles during fixation on the target. The threshold 
of stimulation of the OGY is the lowest of the three psychophysical manifestations of 
canalicular stimulation, the other two being nys tagmus and the illusion of postural 
rotation. Any of these three measurements of Subject response can be conducted at a 
lower s t ress  level than can responses involving significant performance decrement o r  
neurovegetative symptoms. And, in most instances, psychophysical indices can be 
more precisely quantified. It i s  important, in determining human response envelopes 
to angular velocity in space vehicles and the g-sensitivity of these responses, to ini- 
tiate testing with methods characterized by high sensitivity and measurability. This 
is especially s o  considering the limited data available regarding the effect of linear 
acceleration on cupulo-endolymph sensitivity. Data generated by vestibular studies 
performed in aircraft flying parabolic maneuvers are  mixed as to their meaning; for 
example, studies done at NAMI on a sample of twenty Subject found identical canalic- 
ular thresholds in zero-g and one-g for ten Subjects, with four demonstrating greater 
sensitivity in zero-g and the remaining six less sensitivity. Similar heterogeneity 
has been found among studies performed elsewhere. Extrapolations from similar 
studies performed at various levels of hypergravity in  groundbased simulators also 
are  ambiguous. However, the net picture suggests that if hypogravity does alter the 
sensitivity of the vestibular systems, i t  does so  only marginally and should not be 
significantly constraining relative to groundbased tolerance. Nevertheless, until the 
proposed transference of groundbased responsivity to the spacebased situation is  con- 
clusively documented, a conservative approach to elucidating manf s tolerance in 
space i s  warranted, including the determination of psychophysical responses to low- 
s t ress  coriolis vestibular stimuli prior to exposure to more stressful environmental 
interactions. The OGY not only tends to be the most sensitive of the two illusory 
responses, but being visual in contrast to somatic it  is susceptible to a greater number 
and precision of measurements, including duration, direction and magnitude. The 
OGY determination will complement data from the MI31 Skylab A canalicular studies 
which will involve angular acceleration stimuli produced by concentric monoplanar 
rotation rather than cross-coupled stimuli occurring eccentric to the environmental 
spin axis. The AGC study does not require the determination of the OGY threshold 
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for cross-coupled angular acceleration stimuli, per se,  but only the measurement of 
the level of response in space, at various g-levels, to the same mechanical supra- 
threshold stimulus used in groundbas ed control studies. 
The common-use pieces of equipment to be used are  a restraint chair o r  
couch, a verbal instruction tape and a voice log for recording the subjective estima- 
tions of the OGY. Major Instruments o r  Apparatus (experiment-peculiar items) are  
a bite-board and its attachment to the couch, and an OGY target (integrated with the 
OTG). 
The AGC protocol calls for an OGY determination on each Subject as soon as 
possible after each inertial change. The AGC inertial profile, related to a hypotheti- 
cal early space station, designates the testing to be protracted over two phases 
(Phase 11 and Phase I11 of Figure 40), the first proceeding upscale in rpm (starting at 
2 rpm, progressing to the tolerance ceiling at 2 rpm steps, while spending 24 hours 
at each level), the second reversing the process downscale in rpm but spending 48 
hours at each rpm plateau. Phase I1 testing is to be performed at a radius of 32 feet 
from the spin axis, Phase I11 at 16 feet and 64 feet. Therefore, the required Subject 
Pre-Test State, excluding the first test of Phase I1 immediately following initial spin- 
up, is that of undergoing prolonged rotation, but naive to each successive inertial 
environment characterized by a combination of rpm and g-level (radius). With refer- 
ence to the subsequent Data Matrix presentation for this experiment, EPO 'a1 is not 
considered acceptable as the primary inertial device as it is not feasible from the 
habitability standpoint to maintain a Subject in the required pre-test state. EPOs 
b1 and c1 can maintain perrotatory habitability indefinitely by virtue of a brief logis- 
tic stop every twelve hours, with the Subject kept immobile while static to prevent 
contamination of the perrotational test results. This forms the basis of the good 
ratings shown for EPOs lb' and c1 on this factor, with EPOs Id1 and 'el  rated 
as excellent. 
The Test Subject Activity requires that he estimate his OGY responses to 
active headturns performed while in the restraint chair. Procedurally, the Subject 
i s  seated in the chair, facing tangentially in the rotating environment. He wears the 
M131 Otolith Test Goggles (OTG), which contain the lighted OGY target and are inte- 
grated to a custom bite-board apparatus. When the Subject bites down on the dental 
impression superimposed on the board, he is constrained to move his head only in the 
frontal plane. A test trial consists of two 45" head movements in the frontal plane: a 
tilt toward the left shoulder and a return to the upright. The only object visible to the 
Subject is the dimly lit target in the OTG. At the initiation of the taped instruction, 
the Subject makes as rapid a head turn as possible to his left, being stopped by the 
restraint on the bite bar. The Subject. signals the beginning and end of any OGY with 
a thumb switch and audibly describes the direction (using clock-face terminology) and 
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magnitude (using the linear dimension of the OGY target) of the illusion, One minute 
after the initiation of the left turn, the Subject responds to the 6ommand to turn his 
head back to the upright, again reporting the duration, direction and magnitude of an 
OGY response. All Subject verbal comments a re  recorded on a voice log. The OGY 
determination is performed once at each RPM for each designated g-level (radius) a s  
soon as  possible after the rpm is changed. All EPOs are  rated excellent on the data 
matrix relative to execution of the Subject Activity. 
Considering time factors, the AGC testing profile designates that the OGY 
test extend a total time of 15 days (Phase II and Phase I11 combined). Each Subject is 
tested once during each 24-hour period, a s  soon as  is convenient after the spin rate 
is changed. Subjects a re  tested in the sa'me order each time, and prior to their 
testing after rpm change they remain as  immobile as  possible, minimizing the vestibi- 
lar habituation that takes place. Time required for a single test trial for a given 
Subject is 35 minutes (20 minutes for setup, 5 minutes for test, and 10 minutes for 
cleanup). As six data points are  determined for a single trial (for two head turns, a 
data point each for duration, direction and magnitude), this means a ratio of approxi- 
mately 0.1 hour per data point. The total number of data points collected per Subject 
over the 15 day duration is 90. The criterion for rating EPOs on these Time Factors 
relates solely to the inertial device's ability to provide the test environment for 15 
days, which again (as with the Subject's Pre-Test State) focuses on duration of habi- 
tability as  the limiting factor. EPO 'a1 is unacceptable on that account and EPOs 'bf 
and 'ct a re  rated good on their limited freevolume compared to excellent for EPOs 
'dt and let. 
The Measurement Environment defined by the AGC for the hypothetical station 
is as  follows: Going upscale in rpm (Phase 11), testing is performed at each spin rate 
(of maximum range 2 rprn to 10 rpm) a t  the 32-foot radius only. Going downscale in 
rpm (Phase 111), testing is performed at  each spin rate (of maximum range 10 rprn to 
2 rpm) at  two radii, the 16-foot station one day and the 64-foot station the other. As 
designated by the AGC, the g-levels involved in this expertment range from an implied 
mintmum of 0.02 g (2 rprn at  16 ft) to an explicit ceiling of 1.0 g. Refering to the 
data matrix, the rationale for rating EPOs on g-level provision is as  follows : The 
five rating levels inclusive of marginal and excellent a re  met by the EPO achieving 
some rating total ranging from 1 to 5 based on the values assigned to two criteria: 
the capability for meeting the full range of g from 0.02 to 1.0 being valued a t  2 and 
the capability of meeting all three g-levels (radii) per spin rate being valued at 3. 
Estimations a re  made of partial capabilities. Any total of points on both criteria a re  
interpreted a s  : 1 = Marginal, 2 = Poor, 3 = Fair, 4 = Good, and 5 = Excellent. 
On this basis, EPO 'aq provides less than 0.3 g (l pt, ) a t  10 rpm and only one 
radius ( (1 pt. ), earning a rating of poor (2 pts. ) , E POs 'b' and 'c9 provide less 
than 0.3 g (1 pt.) a t  10 rpm and two radii (of approximately 10 feet and 5 feet) and a re  
rated as fair (3 pts. ). E PO Id1 is rated poor (2 pts. ) because of only one definitive 
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radius (1 pt. ) and a g-ceiling of only 0.30 (1 pt. ). EPO ' e'  is rated as good (4 pts. ) 
on the basis of three radii (3 pts. ) but only half (0.45 g) of the g-range (1 pt. ). 
For the g-Gradient Ratio, the ratio of the heart-to-foot gradient to the floor- 
level g, the criterion is the range encompassed by the AGC-specified radius range, 
0.06 to 0.25. Within this range, further differentiation is performed, partly on the 
bases of the radial minima of 40 ft and 26 ft suggested in the literature relative to the 
factors of g-gradient and hydrostatic gradient, respectively, and partly on the basis 
of absolute radius, per se. Rating values are  as follows: 
Excellent: radius = 64 f t  (EPO 'el) 
Good: 26 s radius < 40 ft (E PO Id ') 
Fair: 16 s radius < 26 ft  
Poor: S 's  height <radius < 16ftEPOs ' a ' ,  ' b ' ,  and ' c ' )  
Marginal: radius = S's height 
The rprn criterion is the capability for providing the full AGC-specified range of 2.0 
to 10.0 rpm, with the implication that this range extends beyond the angular velocity 
tolerance level for at least two Subjects of the sample. Considerable ground based 
data exist on tolerance limits to angular velocity, though this information's orbital 
validity is reduced generally by the uncertainty of the effect of hypogravitation upon 
vestibular response to rotation, and reduced specifically by shorter rise times to a 
given spin rate compared to the profile stipulated by the AGC; However, within 
these limitations, the following ratings are  assigned to the various rpm capabilities: 
Excellent: spin maximum = 10 rpm (EPOs 'a', 'bt, and 'cr) 
Good: 6 s spin maximum <10 rpm 
Fair: 5 s spin maximum c 6 rpm (EPO 'd') 
Poor: 4 s spin maximum -c 5 rpm (EPO'e') 
Marginal: 0 < spin maximum t 4  rpm 
Angular Acceleration ratings for the various EPOs relative to this experiment are  
not applicable (NA), predicated on conservative rprn change rates and appreciable 
time intervals (measured in minutes) between a rate change and the conduct of a test 
trial. As for environmental constraints to avoid artifacts , unscheduled rotational or  
accelerational maneuvers are  restricted during the test trials. At a minimum, such 
perturbations are limited tb the gmundbased canalicular threshold range of from 0.09 
deg/sec2 to 7.0 deg/sec2. Ideally, a l l  dynamic transients occurring during the test 
. trials should be recorded. 
Considering the capability of each E'PO for Experiment Objective Attain- 
ment, the test objective is to determine the OGY response of each Subject to 
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progressive levels of rpm, before significant habituation to that rate has occurred, 
and at several different radii at each rpm. Ratings on this factor relate to how much 
of this objective is attained and how well the test situation duplicates the operational 
se t  to which the expected data will be applied. Rating values a re  established at 1 thru 
5 for marginal thru excellent. The experimental objectives of determining the OGY 
response at each step of the rprn range, and several radii at  each step, a r e  valued at 
2 pts. and 3 pts. , respectively. As the effect of a reduced g-gradient on the validity 
of these determinations has not been defined, the validity quality for all EPOs is 
considered comparable, and the relative ratings hinge entirely on the quantity of data 
provided. EPO ' a f  is unacceptable from an attainment standpoint based on an in- 
ability to provide the Subject with minimal habitability while rotating for 15 days on a 
near continuous basis. EPOs b and c receive full value (2) for rprn range but 
only 1 pt. on determining the g-sensitivity of each r p m f s  response since following 
the AGC test profile, as with the other EPOs - will have rendered test Subject com- 
pletely habituated to rotation, and groundbased data under comparable circumstances 
suggests strongly that the g-level (radius) changes during spin-down (Phase 111) will 
not. provide a meaningful comparison of g-sensitivity. Therefore, E POs b and 
c f  receive a total value of 3 and are  rated fair. EPO d f  receives I pt. for an 
rprn capability up to 5.2 and 1 pt, for a g-level below normogravity, for a total of 2 
and a poor rating. EPO ' e f  receives 1 pt. for an rprn range to 4 and 2 pts. on g- 
sensitivity since a t  64 ft it provides nearly 0.5 g for comparison with groundbased 
responses to the same angular velocity, while the other EPOs provide no more than 
1/3 g (if 10.0 rpm is not exceeded). This earns a 3 pt. (fair) rating. Astronaut Time 
P e r  Data Point for  the OGY test requires approximately double the subject time, i. e. , 
0.2 -hours regardless of the EPO. Weight P e r  Experiment totals five lbs (2 1bs.for the 
OTG and 3 l b s  for the'bite-board and attachment yolk) regardless of EPO . Volume 
P e r  Experiment totals 0.9 ft3 (0.4 for the OTG and 0.5 for the bite-board and attach- 
ment yolk) regardless of E PO ., 
1-1. l a 2  Oculogyral Illusion (OGY) - The Experimental Source Reference for 
this methodology is  a GDC modification of the AGC approach described in 1-1. lal. 
Groundbased testing during the last few years have conclusively demonstrated that 
reductions in rprn after prolonged rotation a r e  not characterized by significant un- 
toward symptoms if the changes are somewhat graduated. GDC personnel were the 
first to demonstrate this at  the termination of five days of continuous rotation at 6 rpm. 
By reducing the spin rate to static in 2 rprn increments every four hours, some of the 
Subjects were even unable to detect that the rotation rate had changed. NAMI personnel 
were subsequently to broaden the study of this phenomenon and conclude that by 
means of "over adaptationM a t  terminal velocity the symptoms became trivial o r  nil on 
cessation o r  reduction of rotation. They suggest that this is the result of yet undefined 
autonomic central nervous system mechanisms. The relevance to the AGC inertial 
profile is obvious: once the Subjects are  thoroughly habituated to rotation by Phase 11, 
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angular velocity tolerance testing as a function of other radii (g-levels) during the 
reduced spin rates of Phase 111 will have little validity. Only dramatic increases in 
sensitivity due to g-level changes would be detectable, let alone quantifiable. A more 
worthwhile approach is presented below, with all three radii investigated during Phase 
11, and Phase 111 only maintained in a stepwise reduction profile to ensure against any 
conceivable untoward crew responses. 
The only methodologic changes relative to I. 1. la l  a re  the stay times at each 
rpm during Phase I1 being changed to48 hours andduring Phase I11 being reduced to 24 
hourg, with the OGY beingdetermined immediately after each rpm increase at  all avail- 
able radii (64, 32, and 16, in that order). During Phase 111, OGY determinations are  
performed only once, at  what is  determined to be the most stressful g-level during 
Phase 11. Until all Subjects have been tested at all radii, unscheduled head move- 
ments are restricted to minimize habituation. Testing at  progressively shorter radii 
each time is predicated on conservatively graduating to the lowest g-level, the region 
of greatest response uncertainty. 
The only Experimental Objective Attainment changes relative to 1-1. lal are  
FPOs b 1 , l c1 and l ef gaining 1 pt. in g-sensitivity testing to earn good ratings 
( 4 pts. ). 0 
I-l . la3 Oculogyral Illusion (OGY) - The Experimental Source Reference is 
- 
GDC. 
The methodology consists of two modes of OGY determination: (1) the use of 
the OGY to determine the ves tibulo-ocular response to a ser ies  of programmed head 
turns performed with ambient illumination to signal habituation to the labyrinthine 
coriolis stimulus, and (2) the use of the OGY as elicited in the 1-1. l a l  and 1-1. la2  
. 
(potentiated by viewing an illuminated target in the OTG light-tight hvelope),' before 
and after the above series of head turns as a relatively sensitive measure of vestibdo- 
ocular response. 
The test involving the ser ies  of programmed head turns is administered as 
follows. The Subject. is seated in the restraint chair facing axially s o  as to provide 
maximal stimulus for the environmental interactions that will be stimulated by his 
required head movements. Attached to the chair a re  four adjustable arms to which 
variable-position head pads a r e  fixed. For  this test, the arms and head pads a re  
adjusted s o  that with a combination of neck and torso movement, the head is limited 
to 90" -movements from the upright looking straight ahead to ,nod forward, nod back, 
yaw left and yaw right. 
To provide the Subject with a structured v isud  field together with a fixation 
point at each head position, five rectangular targets marked off in squares and 
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displaying a center cross (termed "test patches ") are placed at convenient positions 
relative to the Subject. One test patch fixes the center position; two others, the 90" 
nod forward and nod back positions; and the last two,the 90" yaw left and yaw right 
positions. The head and body movements are  carried out at the direction of instruc- 
tions delivered from a tape recorder situated outside the room and under the control 
of the experimenter. Head and body movements are grouped into sequences of eight 
discrete movements: the four movements from center to the four pad positions, and 
the four return movements to center. For each movement, the head passes through 
an arc of 90°, and the commands to move occur at 2-second intervals. An interval 
of 4 seconds occurs between the final movement in one sequence and the first  move- 
ment in the next. The order of the four movements toward the pads is randomized 
within each sequence. At the completion of each discrete movement, the Subject is  
required to make a forced-choice judgement, using a thumb switch, as to whether or  
not he experienced apparent visual motion (an OGY) within the appropriate test patch. 
The Subject is also instructed to indicate whenever he becomes aware of the premoni- 
tory symptoms of motion sickness, particularly stomach awareness, increased sali- 
vation, and head discomfort. These are to be reported and the Subject rested until 
the symptoms pass. The habituation criterion is arbitrarily set  at three complete 
sequences in which each of the twenty-four movements elicits a negative response, 
with the additional qualification that the Subject be apparently free from symptoms of 
motion sickness. (Groundbased tests have indicated, that with nominal changes in 
rpm, ten complete sequences - 80 head movements - are usually sufficient to 
establish criterion. ) 
The OGY performed with the OTG is carried out exactly as in the previous 
test descriptions (1-1. l a l  and 1-1. la2). 
The protocol starts with the centrifuge baing spun up to the first  rpm level 
(2 rpm) with the Subject in the restraint chair setup for the potentiated OGY. That 
test is performed twice, once each at the two radii. Then the Subject performs the 
habituation sequence at the most stressful radius, followed by a single potentiated 
OGY at that radius. The entire set  of testing requires approximately 1.2 hours. The 
Subject is  allowed to relax for nearly 0.75 hour and when the rpm is increased to the 
next level where the test is repeated. Within a maximum of eight clock hours, the 
Subject progresses from 2 rpm thru testing at 8 rpm. Following an overnight a t  8 rgm, 
the process is reversed to bring the Subject back down to zero-g. 
The Subject Time per Data Point is 0.06 hour with 160 data points derived in 
36 hours. 
P s  ychophys iologically , evidence indicates that using this accelerated habi tua- 
tion procedure renders the results essentially equivalent to comparable determinations 
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distributed over days instead of hours. On this basis, the Experiment Objective 
Attainment is good for EPOS Ibf and f c f  and fair for EPO a .  The use of this 
inertial/time profile for E PO l df o r  would be unacceptable due to excessive 
power penalties for a single experiment. Astronaut time per date point is 0.12 ,hour, and 
the weight and volume penalties are increased to 8 lbs-and 2 ft3, respectively, to 
include the head-turn restraints required for the habituation sequence. 
1-1. l b  , b2 and b3 Vertical and Horizontal Nystagmus - This experimentf s 1- -
objective is to provide a relatively sensitive and objective measure of vestibulogenic 
response to cross-coupled stimuli as the initial determination of angular velocity 
tolerance and its g-sensitivity following each inertial change. 
These experiments are  done in unison, respectively, with 1-1. lal, ag and 
a3 - the OGY determinations -, therefore only information not included in the pre- 
ceding OGY descriptions and required to perform the nystagmus experiments will 
follow. 
Vestibule-ocular nystagmus is the involuntary cyclic rotation of the eye in res- 
ponse to canalicular stimulus, the purpose of the reflex being to promote a steady image 
on the retina. When the initiating stimulus is due to cross-coupling, the characteristic 
slow and fast phases of eye movement a re  coplanar with the cross-coupled angular acceler- 
ation effect and tend to hinder rather than help any optokinetic stabilization efforts. While 
- - -  
the threshold for the OGY response is lower and may be of greater duration than the 
nys tagmus elicited, and both phenomena are closely related to ves tibulo-ocular reflex, 
there are  ample reasons for including both experiments. The nystagmic response 
provides additional, not merely redundant, information. The OGY is a subjective 
evaluation, the electronystagmogram (ENG) objective. Dissimilar central mechan- 
isms relate to each, one result being that, in contrast to the OGY, nystagmus can be 
rendered more reliable by stabilizing the level of CNS arousal by using a standard 
alerting procedure. Thus controlled, changes in nys tagmic output reflect changes 
in the habituation of the organism to specific levels of vestibular stimulus. Quanti- 
tatively, the angular velocity of the nystagmus slow phase is related to cupula position 
at any given instant, and the intensity and duration of the nystagmus bear a direct 
relationship to the magnitude of canalicular stimulus. 
Common-use equipment are  the body harness with signal conditioners and 
leads to the TM transmitter, and an analogue recorder to receive and store the d-c 
ENGs in real time with the OGY data. Experiment-peculiar Major Instruments o r  
Apparatus are the sets of bioelectrodes for peri-orbital application, and a perimeter 
for calibration of the electronystagmographic (ENG) system. Test Subject Activity 
during testing is  the execution of the OGY testing described previously. While doing 
so, the Subject wears the five peri-orbital electrodes (including an indifferent 
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electrode) to implement transduction of the corneo-retinal potentials that provide the 
ENG. These silver-silver chloride electrodes are applied and .removed once a day 
by either the Subject o r  other personnel. Time per Data Point is 0.19 hour including 
four parameters (amplitude, duration, slow phase velocity and total beats) per head 
turn. Number of Data Points per Subject per total experiment a re  120 (8 x 15). 
Astronaut Time Per Data Point is 0.38 hour. Weight Pe r  Experiment is 0.2 lb. 
Volume per Experiment is 0.002 ft3. The Time per Data Point values hold for 1-1. lbl 
and b2 only. As the nystagmogrms are  recorded while running the OGY test, b3 only 
requires setup and cleanup once for four test repetitions. Thiis reduces the Time per 
Data Point to 0.102 hour and the Astronaut Time per Data Point to 0.204 hour. 
1-1 lc Performance After Head Motion - This experiment's objective is to 1 
determine angular velocity tolerance and its g-sensitivity by measuring psychomotor 
performance immediately following head turns relative to the plane of rotation. 
The Experimental Source Reference for this study definition is the Artificial 
Gravity Committee (AGC). The Measured Phenomena are the psychomotor per- 
formance level following an active head turn and the rate of head turn. 
In an artificial-g station, the crew will be aligned with the centripetal force 
vector and be in the plane of spin. Side-to-side head turns will then cause a maxi- 
mum amount of cross-coupling because the motion will be 90" to the spin plane. 
Earth simulation studies of such stations often suffer from the artifact of being per- 
formed with the Subject displaced nearly at right angles to the spin plane s o  that side- 
to-side head turns produce minimum cross-coupling. In studies at GDC where this 
artifact was attenuated, disorientation from head turning and nodding were found to be 
significantly greater out of the plane of spin than in the plane of spin by criteria of 
performance and voluntary rate of head turn, and i t  appears that the degradation in 
performance increases at a ratio of 1.6, from comparison of performance following 
0" and 30" interplanar angle head turns. With the interplanar angle held cdnstant, 
and other experimental factors controlled, degradation in performance was found to 
be a direct function of the cross-coupled angular acceleration produced times the 
duration of head turn. Or,stated another way, with the angle of head turn held con- 
st&, reduction in performance related directly to the angular velocity of environ- 
mental rotation. It was found that a reduction in ability to fixate the visual display of 
the perceptual-motor task following head turn correlated, in almost a linear fashion, 
with the reduction in task performance. Thiis reduction in the ability to stabilize the 
retinal image oocurred frequently even in the absence of nystagmoid eye movements 
as yecorded by EOG. The causal relationship appeared to be a reduction in percep- 
tua l -q~tor  ability caused by an increased vestibulo-ocular dysfunction correlating 
w@h ap increase in interplanar angle o r  environmental spin (with angle of head turn 
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held constant). 
The common-use pieces of equipment for the AGC experiment are a restraint 
chair, an automatic test control, and recorders to receive and store analog and digital 
data. Major Instruments o r  Apparatus (experiment-peculiar) include a head restraint 
capable of limiting head turns both in angle and plane and supplied with potentiometric 
outputs at the two (Z-axis and Y-axis) turn spindles, and the Response Analysis 
Tester (RATER) - a perceptual-motor testing device. 
The Subject Pre-Test State, excluding the first test of Phase I1 immediately 
following initial spinup, is that of undergoing prolonged rotation but being naive to 
each successive inertial environment characterized by a given combination of rpm and 
g-level (radius). The OGY test repetition preceding this experiment is limited to 
only four head turns, which with a requirement for as little movement (interaction 
with environmental rotation) as is possible prior to the running of this test, should 
provide Subjects essentially unhabituated to the force field of each succeeding test 
environment. The ratings of the EPOs for this factor a re  identidal to those 
detailed for the OGY experiment. 
The Test Subject Activity requires that he perform on the RATER within a 
testing context requiring intermittent head turns while in the restraint chair. The 
RATER test requires that the Subject respond to the display of each one-of-four 
colored lights (red, green, blue and yellow) by pressing the appropriate one-of-four 
buttons. When the correct button is pressed, the next color is displayed in a random, 
non-repeating order. Total responses and total correct responses are  recorded 
automatically as is a d-c signal indicating the latency of response to each display. The 
visual display of the RATER is collimated to 1" of visual angle to make the test sensi- 
tive to decrements in retinal stabilization (cf. Experiment 1-1. I f l )  and the response 
buttons a re  integrated in a module separate from the display so that the former can 
be positioned in the Subject's lap, thereby eliminating the factor of reach sensitivity 
from the interpretation of the testing results. The basic testing sequence totals 150 
seconds of testing and consists of ten 15-second trials interspersed by nine 20-second 
rest  intervals. The beginning of each 15-second trial is  signaled by a light to the 
Subject's left (for the Z-axis, side-to-side, head-turn test) o r  above his head (for the 
Y-axis, nodding, head-turn test). To view the RATER color display the Subject must 
then execute either a Y o r  Z axis 70" head turn, to which he is constrained by the 
mechanics of the head restraint. At the end of each test trial, the RATER display 
goes black requiring the Subject to return to the rest  position to await the next signal 
light. For each experiment repetition, six ten-trial sequences a re  performed, one 
each for the six head-turdvehicle-rotation interplanar angles: Yo, Yq5, Ygo, Z O  , 
Zq5, and ZgO - the subscripts indicating the angle in degrees, the Y and Z indicating 
a nodding o r  side-to-side head turn. One Subject will perform the Y-turns first in 
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his six-turn sequence, the next subject the Z-turns, and so  forth. The same order of 
head turns is  maintained for each Subject throughout the entire experiment. To achieve 
the various Y-angles with the plane of vehicle rotation, the subject will begin facing 
tangentially (Y ), with the restraint chair being rolled to provide the remaining two 0 
orientations (the YgO having the Subject facing axially). As all erect  positions of the 
Subject in a space vehicle provide only ZgO turns, to achieve ZO and Z45 the Subject 
will face tangentially and be tilted 90" and 45" on his side, respectively. As EPOS 
a f  , b' and c f  fail only in providing the capability for providing the 90" restraint 
chair tilt (the ZO position), all EpOs rate excellent for this factor. 
While RATER data can be differentiated even on an intra-trial basis and total 
errors  and total correct responses yield worthwhile information, calculated only on 
the basis of three parameters (average response latency, net score, and head-turn 
time per trial), Time P e r  Data Point is  0.009 hour. This is predicated on a total repe- 
tition time of l and 2/3 hours (25 minutes setup, l hour test, and 15 minutes cleanup). 
Number of Data Points per Subject for the Experiment is 27 00. EPO ratings on 
Time Factors and the Measurement Environment are the same as for Experiment 
1-1. l a 1  (the OGY). 
The Experiment Objective Attainment EPO ratings a r e  the same a s  for 1-1. lal 
Astronaut Time Per Data Point is 0.018 hour. Weight Pe r  Experiment is  4 lbs. Volume 
3 P e r  Experiment is 0.6 f t  . 
1-1. l c 2  Performance After Head Motion - This experiment bears the same 
relationship to c l  as 1-1. l a2  does to al ,  and for  the same reasons. Both the Oculo- 
gyral Illusion Experiment and Performance After Head Motion Experiment are  de- 
signed to provide correlations between functional changes and angular velocity in- 
tolerance; once Subjects have become habituated to the ceiling angular rate, subse- 
quent reductions in rotation to test at  other g-levels will not give a valid assay of 
rotational tolerance for those specific environments. Therefore, for details of cl 
change confer with the method given for a2. 
1-1. Ic3 Performance After Head Motion - The Experimental Source Refer- 
ence i s  GDC. 
The methodology consists of combining the 1-1. l c l  RATER performance test 
and the 1-1. lag OGY test into a condensed inertial profile. After spin up to 2 rpm, 
the Subject performs the initial portion of the OGY Test (the two head-turns) at the 
longest radius, repeating i t  at  the short radius. He then performs two entire repe- 
titions of the RATER performance Task, f i rs t  at  the longest radius, then at  the 
shorter. Finally, he performs the sequence of habituation head turns and the final 
two-turn OGY test at the radius where he has demonstrated greater canalicular 
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sensitivity. With the experiment-peculiar equipment of both experiments designed 
for integration with the same restraint chair, setup and cleanup penalties a re  reduced 
so that all testing at a single rpm is completed within 4 hours. The rate is  then in- 
creased to 4 rpm and all testing completed at  that level by the end of the first  testing 
day. The second testing day repeats these procedures at 6 rpm and 8 rpm, -respec- 
tively, with the entire program being followed during the subsequent two days as the 
rate is  reduced in a stepwise manner. 
The Subject Time per Data Point is reduced to 0. 007 hour with reduction in 
setup and cleanup penalty per repetition. Number of Data Points per Subject for the 
experiment is  2520. ~ p o  ' ratings on Time Factors and the Measurement Environ- 
ment a re  the same as for 1-1. l c l  and c2. 
Predicated on the groundbased evidence that the accelerated habituation pro- 
cedure employing repetitive headturns provides a psychophysiologic adjustment to 
the rotational environment comparable to an order of magnitude o r  more of time 
spend in random interaction with the same environment, the Experiment Objective 
Attainment, using this method, is  rated good for E POs bf  and c f  , with EPO 'a' 
considered unacceptable from the habitability standpoint. EPOS d and e are 
also rated unacceptable, due to the power penalties. Astronaut Time P e r  Data Point 
i s  0. 014 hour. Weight and volume penalties a re  16 lb. and 3.5 ft3. 
1-1. Idl Large Circular Tracking (LCT) - This experiment's objective is to 
determine angular velocity tolerance and its g-sensi tivity by measuring rotary pur- 
suit tracking requiring large-excursion head and arm movements. 
The Experimental Source Reference for this study definition is the AGC. The 
Measured Phenomenon is the ability of practiced Subjects to perform a rotary pursuit 
task requiring major head and arm movements. 
Perceptual-motor tests are  particularly sensitive to an altered force field. 
An individualf s ability to position a limb, to orient himself o r  parts of himself, to 
manipulate tools o r  to perform piloting tasks a re  dependent on vestibular and kines- 
thetic cues. Perceptual-motor tasks have been used in both the Soviet and American 
manned space programs for this reason. A form of perceptual-motor test widely used 
by experimental psychologists is the rotary tracking test. A number of instrumental 
variations are  and have been used but most utilized is  that introduced by Koerth. 
This consists of a small  target near the edge of a revolving turntable, the Subject 
being scored on the amount of time he can keep his stylus in contact as the target 
revolves. This is an appropriate task for  assaying angular velocity tolerance because 
the apparatus variables which influence tracking behaviour have been explicitly stated 
and explored and the apparatus can be sized to force major excursions of head and 
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hand and reflect their reaction with the environment in the quantitative effect upon the 
tracking performance of practiced Subjects, 
The common-use pieces of equipment involved are the automatic test control, 
which includes a verbal instruction transmitter, a digital recording and storage sys- 
tem, and a restraint chair. Major Instruments or  Apparatus (experiment-peculiar) are  
the target turntable and tracking stylus. The turntable is three feet in diameter and 
can be driven at constant speeds up to 6 0 rpm. Set flush in the turntable s surface and 
2 and 3/4 inches from its periphery is a 3-1/2 inch diameter target, divided into a 
0.7 inch bullseye and four 0.3 inch thick concentric rings. The bullseye and 
rings are electrically conducting. The turntable is  designed to be attached to the Sub- 
ject's restraint chair, mounted vertically with adjustment allowing i t  to be centered 
approximately three inches below the average Subject's shoulder level. The stylus 
consists of a plastic handle 5-1/2 inches long and one inch in diameter to which is 
attached a flexible shaft 4 inches long tipped by a conducting ball. An electrical lead 
passes through the hollow cores of the shaft and handle from the ball, in series with 
parallel chronometer elements and target area links. The elastic quality of the shaft 
allows definitive direction of the tip but collapses under pressure to prevent "locking 
in" of the target by the subject. When tracking the stylus provides a four inch extension 
from the Subject's hand to the target. The chronometer system is actuated whenever 
the stylus tip touches either the bullseye o r  any of the four concentric circles, pro- 
viding digital values for three parameters: Total Time on Target, Total Time on Bulls- 
eye, and Average Distance of Stylus Tip from Target Center. 
As with the other vestibular and related experiments, the AGC designates 
this experiment to be conducted during each 24-hour period during Phases I1 and 111. 
It is suggested by the committee as an immediate follow-up to the Performance After 
Head Motion Experiment (1-1. lcl); therefore, excluding the first test of Phase I1 
shortly after initial spinup, the Subject Pre-Test State is that of undergoing prolonged 
rotation, and partially habituated to the immediate inertial environment as character- 
ized by the rprn/g-level (radius) constraints. The partial habituation is due to this 
experiment being preceded by 1-1. lc l ,  an experiment entailing repetitive head-turns 
orthogonal to the plane of environmental spin. EPO ratings as to this factor are the 
same as for 1-1. lal. 
For the test the turntable is driven at a constant rate specific to each Sub- 
ject, a rate that during groundbased testing allowed him to plateau at 80 * 10% of per- 
fect performance. An experiment rep&tition consists of twelve 30-second trials, six 
with the Subject facing tangentially and six with him facing axially. The design of the 
turntable facilitates its mounting on the restraint chair. The Subject positions him- 
self, stylus in hand, in the restraint chair, with the turntable adjusted s o  that i t  is  
twenty inches from his chest and centered in the plane of his preferred arm. He 
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begins to track the target bullseye the moment the turntable starts rotating and con- 
tinues until it  stops. He is allowed to move his body to the degree permitted by the 
seated position and the lower body restraints. CompleteZreedom of head, eyes and 
arms is allowed. Scoring automatically starts five seconds after the beginning of 
turntable rotation, allowing the Subject. that much time to get on target. The turntable 
stops after the 30-second scoring period ends, then automatically starts 25 seconds 
later. EPO ratings for Test Subject Activity are all excellent. 
The time for one repetition is 40 minutes (20 minutes setup, 12 minutes kst 
and 8 minutes cleanup), data points per repetition a r e  36, giving a Time Per Data 
Point of 0.019 hour. Total Number of Data Points per Subject per experiment is 
15 times 36 or  540. EPO ratings for Time Factors a re  unchanged from previous ves- 
tibular experiments discussed, as  a re  EPO ratings for the Measurement Engironment. 
Experiment Objective Attainment EPO ratings or  the LCT a r e  devalued 
by the same factors discussed in detail under 1-1. l a  , and when preceded by the 
RATER task, a re  further reduced by the partial habituation inherent in the headturn 
sequences required by the latter. When preceded by the RATER, its EPO ratings 
a r e  poor for 'bl, 'cl, and 'el, and marginal for 'd'. Astronaut Time Per Data Point 
is 0.038 hours. Weight Per Experiment is eight lbs. Volume per Experiment is 3 1 . 5 f t .  
Larae Circular Tracking - This experiment's definition and analysis 1-1. Id2 
is analogous in all respects to those of I-l.la2, b2 and cg. 
1-1. Id3 Large Circular Tracking - This experiment1 s methodology consists 
of substituting the LCT for  the RATER Test as combined with the Oculogyral~Illusion 
Test in 1-1. lc3. Briefness of repetition time for LCT relative to RATER Test 
allows testing at three different rpm levels each day (day one: 2, 4 and 6, day two: 
8, 10 and 8, and day three: 6, 4 and 2). Total Number of Data Points per subject 
per experiment a re  648. EPO ratings for Time Factors and Measurement Environment 
a re  unchanged. The ratings for EPOs lbl and 'cl for Experiment Objective Attainment 
a re  good (cf 1-1. 1cg rationale). E PO laf is unacceptable due to lack of habitability 
provision. EPOs 'dl and 'e ' a r e  unacceptable due to power penalty. Astronaut Time 
Per Data Point is not changed significantly. Weight and volume penalties are, 
respectively, 16 lb. and 3.5 ft3. 
1-1. le,  Ballistic Aiming and Pointing (BAP ) - This experiment1 s objective 
is to determine angular velocity tolerance and its g-sensitivity by measuring reach 
speed and accuracy within a testing context requiring major head movements. 
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The Experimental Source Reference for this study definition is the AGC. The 
Measured Phenomenon is the ability of trained Subjects to perform rapid and accurate 
reach movements of the preferred hand with the vernier guidance provided by vision 
requiring major head movements. 
A form of perceptual-motor (P-M ) task, the same general comments applic- 
able to the Large Circular Tracking (LCT) are  also applicable to the BAP. Both are  
sensitive to altered force fields, but, whereas the LCT involves sustained tracking of 
a constantly perceived target, thus primarily the fundamental P-M ability of control 
precision, BAP involves a number of P-M abilities, including reaction time, speed-of- 
arm-movement and movement prediction. 
The common-use pieces of equipment involved are the automatic test control, 
the digital recording and storage system, and a restraint chair. Major Instruments 
or  Apparatus (experiment-peculiar) are the BAP turntable and s coring stylus. These 
are  the same turntable and stylus used in the LCT, with a shield positioned over the 
turntable such that the latter is entirely masked except for two one-inch apertures 
positioned 180" apart on the periphery of the shield that allow the bullseye of the tar- 
get to be seen as it passes. The turntable is rotated at pates specific to the ability of 
the Subject being tested @p to 60 rpm, at which rate the bullseye passes one aperture 
0.5 sec. after it passes the other). Contact of the stylus with the bullseye at either 
aperture is recorded by the digital system. 
The entire discussion of the Subject Pre-Test State r'elative to the LCT 
applies to the BAP, with the habituation process even more significant when preceded 
in the test program by the LCT test in addition to the RATER test. (It is worthwhile to 
note at this point, that opposing the habituation process that may facilitate the per- 
formance of later tests in an experimental program may be some degree of psycho- 
physiologic deterioration due to cumulative stresses of preceding - earlier - tests. 
Without the large sample sizes that allow balanced ordering of tasks within ground- 
based testing batteries, spacebased causal relationships may be resistant to isolation. ) 
EPO ratings for this factor are the same as for preceding experiments. 
For the test, the turntable is driven at a constant rate specific to each Sub- 
ject, a rate that during groundbased testing allowed him to plateau at 80 * 10% of 
perfect performance. An experiment repetition consists of twelve 30-second trials, 
six with the Subject facing tangentially and six with him facing axially. The Subject 
and turntable positions are the same as for the LCT test, as are the Subjectss free- 
dom of body movements. The shield is positioned so  that one aperture is at 3 o t  clock 
and the other at 9 o r  clock. The turntable rotates clockwise. The Subject has the 
stylus positioned as close to the 3 or  clock aperture as is possible waiting for the 
appearance of the bullseye when the turntable begins to move. He strikes at the bulls- 
eye as it appears and then attempts to strike it again as it appears at 9 o1 clock, then 
VOL. I1 151 
back to 3 o' clock, etc. , until 30 seconds are up and the turntable stops. He is scored 
on total contacts per trial. There are three trials from side-to-side and then the 
shielding is rotated and three trials are  conducted from 12 o1 clock to 6 o f  clock, and 
then six identical trials with the Subject facing axially o r  tangentially, whichever the 
remaining alterate is. Orderings are  alternated for Subjects, but remain fixed for 
each Subject throughout the experiment. EPO ratings for Test Subject Activity are  
the same as for the LCT. 
The time for one repetition is 40 minues (20 minutes setup, 12 minutes test and 
8 minutes cleanup), data points per repetition are  12, giving a Time P e r  Data Point of 
0.056 hour. Total Number of Data Points per Subject per experiment is 15 times 12, o r  
180. EPO ratings for Time Factors a re  unchanged from previous vestibular experiments 
discussed, as  a re  EPO ratings for the Measurement Environment. 
Experiment Objective Attainment ratings per EPO are essentially the same 
as for the LCT, with the validity being even more suspect if i t  is preceded by the LCT 
in the testing program. Astronaut Time Pe r  Data Point is 0.112 hour. Weight P e r  
Experiment is 8.8 lbs. Volume Per  Experiment is 1.5 ft3. 
1-1. le2 Ballistic Aiming and Pointing - Analogous in all respects to the 
treatments of Experiments 1-1. la2  thru d2. 
1-1. le, Ballistic Aiming and Pointing - Analogous in all respects to the 
treatment of LCT in 1-1. Id3. 
1-1. I f i  Visual Fixation - The objective is to determine angular velocity 
tolerance and its g-sensitivity by measuring visual fixation on task display immed- 
iately following head turns relative to the plane of rotation. 
The Experimental Source Reference for this study definition is the AGC. 
The Measured Phenomena is the stability of visual fixation on task display following 
an active head turn. 
Visual acuity required for  optimal performance necessitates adequate retinal 
stabilization of the display image. This stabilization must be produced by the appro- 
priate oculomotor responses to the synergic vestibular and optokinetic signals. While 
some workers have suggested that the percep.tua1 dysfunctions associated with vestib- 
ulo-ocular reflexes initiated by cross-coupled angular acceleration stimuli a re  due to 
the individual's difficulty in controlling inappropriate nystagmoid responses so produced, 
in rotational studies at GDC there has been little demonstration of classical nystagmus 
following stressful head turns toward a visual task. Rather, the increased total eye 
movement recorded following stressful - out of the plane of spin - yawing (z-axis) head 
turns, when compared to the less stressful nodding (y-axis) head turns, 
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was almost completely due to the horizontal component of eye movement. This is not 
in agreement with the pr edorninantly rolling (X-axis) ny stagmus that would be predicted 
to occur with the subject facing tangent to the spin plane, and which was essentially the 
only, though marginal, nystagmus that did occur. These and other studies at GDC 
demonstrated a rapid stabilization of eye position correlating with a series of correct 
RATER responses beginning immediately after the performance of an unstressful (Zo o r  
Yo - the subscript being the angle between head turn and environmental spin planes) head 
turn, while the more stressful turns demonstrated a marked aperiodic oscillatory response 
of the eyes that was clearly not nystagmoid in configuration. These intervals of pendular 
eye movement coincided with blocks in scoring at the beginning of each RATER trial. 
The preceding observations suggest that what might be contributing significantly to the 
ocubmotor embarrassment following the stressful head turns is  a phenomenon 
variously referred to as leading eye movement (due to its phase advancement 
relative to head movement), the anti-compensatory oculomotor response (contrasting 
its direction as antipodal to the nystagmus slow phase, o r  compensatory response), 
and as past-looking (when the phase-advance of eye-movement occurs in response to 
an illusory shift in head o r  body axis and therefore is analogous to past-pointing). 
Though suggested as early as 1947 the phenomenon has not been the Subject of con- 
certed interest until the last few years. Thought to be an expression of the same ves- 
tibular drive that produces the saccadic o r  quick phase of nystagmus, leading eye 
movement (LEM), teleologically, has been hypothesized a s  providing a reaction-time 
delay to be used in recognizing an object of interest, stopping nystagmus , focusing 
optokinetically on an object, initiating a tracking sequence, stopping head movement, 
o r ,  more fundamentally, as a mechanism to extend the extra-ocular muscles to their 
optimum lengths for the generation of compensatory (slow-phase) eye movements). 
LEM becomes disadvantageous when inappropriate vestibular signals that may result 
from head-turn rates outside the normal range o r  from the cross-coupling of normal 
head turns with the turning of a rotating frame of reference (as in the stressful turns 
of this study) significantly delay the optokinetic fixation of the gaze. 
Additional studies performed at GDC on visual fixation as i t  affects RATER 
(perceptual-motor) performance involved correlations of data on image stabilization 
using two methods : (1 ) eye-motion photography , and (2) vectoroculographic integra- 
tion of d-c EOGs. These methods concurred on an apparent relative increase of the 
LE'M o r  anti-compensatory response of the oculomotor system as orientations of in- 
creased head-turn s tress (increased gyroscopic cross-coupling) are encountered by 
the Subject, Whether this apparent increase is due to an absolute increase in the LEM 
drive o r  to a reduction in compensatory control is equivocal, but it is apparent that 
the resulting delay in visual fixation correlates directly with performance degradation 
and increased vegetative discomfort. From this groundbased evidence, significant 
data would be added to the spacebased angular velocity tolerance studies by inclusion 
of visual fixation monitoring with RATER Performance After Head Turn (Experiment 
- 1  1 While eye motion photography is  virtually prohibitive as a flight method 
due to the extensive calibration required and the vectoroculograph presents ~ubstantial  
data-reduction problems, the Eye-Point-of-Regard (EPR)System developed by Sys- 
tems Technology shares neither disadvantage and, in addition, incorporates an ele- 
ment to measure any head-movement relative to the frame of reference. 
As the Visual Fixation Experiment is  done in unison with the RATER Experi- 
ment, only those additional elements required to implement the former will be dis- 
cussed. Common-use equipment requirements include computer support to integrate the eye 
and head movement signals into the true point of regard. Experiment -peculiar Major 
Instruments o r  Apparatus include the eye-movement device, which measures position 
of the eyes relative to the skull, and the head-movement device, that measures head 
movement relative to the frame of reference. The eye-movement device consists of 
a pair of infrared optical transducers mounted on a se t  of lensless spectacles pre- 
cisely controlled by integration with a dental bite board. These measure eye angle 
with respect to the head, using the reflected light from an IR source that illuminates 
the eye. Changes in reflected light between the white sclera and the i r is  a re  used 
when making horizontal measurements, while contrast differences between the eye and 
its upper lid are  used for vertical measurements. The head-movement device is an 
electromechani car goniometer , which me as ures the head angle relative to a defined 
point on the head restraint moving with the ,Subject's head. It is  attached to the den- 
tal bite board, while a lightweight telescoping linkage provides a reference between it and 
the head restraint. The Subject Test Activity and its EPO ratings is unchanged from 
1-1. l c l ,  the only requirement being to  don and doff the equipment and participate in the 
pre-test calibration procedure. 
. Predicated on only one principal parameter, time to visual fixation (within 
lo of visual angle) following initiation of head turn, data points per repetition are  60, 
requiring 2.3 hours subject time (1 hour setup, 1 hour test, and 20 minutes cleanup - 
including entire penalty for RATER task), o r  Time P e r  Data Point of 0.039 hour. Number 
of Data Points per Subject per experiment is 900. EPO ratings on Time Factors and 
Measurement Environment are unchanged from RATER. 
Experiment Objective Attainment EPO ratings a re  unchanged from 1-1. lcl. 
Astronaut Time P e r  Data Point is 0.078 hour. Weight P e r  Experiment is 0.9 lb. 
Volume P e r  Experiment is 0.07 ft3. 
1-1. If2 and f3 Visual Fixation - These follow, in all respects, the definitions 
and evaluations described for 1-1. lc2  and CQ. 
1-1. lgl Otolith Sensitivity - The objective is the acquisition of data funda- 
mental to an understanding of the functions of gravity receptors at various levels of 
hypogravi ty . 
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The Experimental Source Reference for this study definition is  the Artificial 
Gravity Committee (AGC). 
Norm& and Labyrinthine defective (LD) Subjects have been tilted inone-9 and. in 
zero+% aircraft flights, LD Subjects tend to be more accurate in zero-g than normals, 
confiming the importance of non-vestibular proprioceptive mechanisms for persom 
without the use of otoliths. To assist in separation of otolith cues to spatial orienta- 
tion f row those received from the Sub j eat 's non-ves tibular me chanoreceptors , tes ting 
should involve both subjective visutil and subjective non-visual estimations of spatial 
orientation (relationship to the exhrnaj  frame of reference) combined with analogous 
e~tim&iow relative to the body axes {reiationship to the internal frame of reference). 
a;ra appro~ch  is wed  in this experiment, Though referred to as the otolith sensi- 
tivity ~xperiment ,  this study, in contrast with the Ocular Counterrolling Experiment 
(f-1, lhl) -- which is a strictly objective test of otolith reeponse - involves the sub- 
jective use of all of %he gravity receptors including the otoliths, and is therefore simil- 
ar to the spatial 1ocalizatic)n portion of the Skylab MI31 Experiment. The Measured 
Phenomena of the experiment a re  the .6ubjectJs per~eived visual (the orientation of 
the illuminated line in the OTG) and nonvisual (the orientation of the magnetic rod on 
the SIJoan~isual Directional 1ndica;tor o r  NVDI sphere) spatial alignments relative to the 
externd and internal frames of ~eference,  
The common-use pieces of equipment involved a re  the restraint chair (which 
em be automatically tilted by the examiner), an instruction tape audio transmitter, 
and an analogue data recorder. Major Instruments or  Apparatus (experiment-peculiar) 
lare the OTG, the NVDI and the custom bite boards. The OTG is used to measure visual 
space orientation in two dimensions. The NVDI consists of a reference sphere, a mag- 
mt i c  pointer, and magnetic s traps. The magnetic pointer is held against the sphere 
and moved by the Subject in accord with his alignment estimates while his judgements 
are measured by an associated three dimensional readout. The hand-held magnetic 
s t r a w  a re  used as a sphere handling aid. The custom bite boards are  stainless steel 
swparimposed with cast materials of each Subject's dental impressions to hold the 
OTG precisely and comfortably in position. 
The AGC report calls for a complete repetition of the Otolith Sensitivity 
T s t  to be performed for each Subject during each 24-hour period at the given rpm 
a d  radius (g-level). The otolith testing (including the Counterrolling Experiment) 
i s  sieheduled subsequent to the canalicular testing and before the testing of postural 
equilibrium (taxis ). 
The Subject Pre-Test State for the Otolith Sensitivity Test is one of asymp- 
totic vestibular habituation to the given rpm/g-level environment due to the number of 
tests that will have already been conducted in that particular environment. No 
restrictions on the freedom of movement of the Subject are required prior to his test- 
ing other than essential constancy of radius (g-level). For this factor, matrix eval- 
uations are  the same for each EPO as  for the preceding vestubular tests. 
The Test Subject Activity requires that he make his veridicality estimates 
using the NVDI and OTG following passive positioning relative to the inertial vector. 
For each position of the couch the Subject is required to do the following: 
a. Orient the OTG target line to internal frame of reference. For roll, 
this requires that the target line be set  parallel to his long-body (Z)  
axis with the arrow toward his head. For pitch, this requires that the 
line be set  s o  that the imaginary line between the eye and gap in the 
target line is perpendicular to the body axis. 
b, Orient the OTG target line to external frame of reference. For roll, this 
requires that the target line be set  parallel with the inertial vector with 
the arrow pointing up. For pitch, this requires that the setting be such 
that an imaginary line between the eye and the target line normal to the 
inertial vector, i. e. , parallel to the floor. 
c. Orient the NVDI rod to external reference. For pitch o r  roll, this requires 
setting the rod on the sphere parallel to the inertial vector with the 
magnetic end pointing down. 
d. Orientthe NVDI rod to internal reference. For pitch o r  roll, this requires 
setting the rod parallel with his long-body (Z)  axis with the magnetic end 
toward his feet. 
The subject performs the above set of tasks in the pitch mode first, i. e. , at 0" and pitched 
backward 15", 30" and 45". These couch positions, as for the roll positions, are pre- 
sented in randomized orders. The tasks are then repeated in the roll mode, i. e. , at 
0" and rolled to the right 15", 30" and 45". To restrict the subject to an essentially 
linear inertial field, testing in the pitch mode is done with Subject facing axially, in 
the roll mode with the Subject facing tangentially. Between the pitch mode and roll 
mode testing, the Subject is given ten seconds with the OTG off to re-orient himself 
to the room environment. Other than that, the Subject is required to keep his eyes 
closed, even though he is wearing the OTG, except when instructed to make a visual 
estimate, which he does immediately and then recloses his eyes. When required to 
make a setting relative to the External Reference, if no definitive sensation of an in- 
ertial vector is perceived, the setting is not made and a hand signal given indicating 
this. A one-minute wait is required prior to test resumption following each couch 
position change. The use of the bite board keeps the subject precisely aligned with 
the OTG. Ratings for the var ious EPOs for this factor are  identical with those 
of the other vestibular experiments discussed previously, with the exception 
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that EPO a i  is unacaept;tb!e sintze it cannot be remotely tilted, 
As with the other experiments in this group, twting is desig~ated by the AGC 
for e a ~ h  day of the 15-day duration covering Phases 11 and 111. Time per sabject re- 
g d ~ e d  for a sipgle test ~ep~kd*ion is one hour (15 @inuks of setup, 35 minutes for 
testiqg, and 10 minutes for cleanup). kime Pe r  Data Point is 0.031 hr. Total Number 
of Data Pain@ pey subject for  the experiment duration are  480, The interval between 
A s&J@at s ~ e p e t i t i o a ~  is approximately 24 hours. The EPO ratings for &is factor 
are t k  same aa, for  the previous vestibular experiments discussed. 
Ible,asurernent E ~ v i r o n q n t  defined by the AGC f ~ r  Phasg I1 &nd 111 testing 
wa6: &$ail& ia the discu-spiop of Experiment 1-1. l a l  (The Ocubgyral Illusion Experi- 
ment), In c~lzt;r@st to that and me other c,an%liculqr experiments, capability in this 
experime~t is primarily conaerned with meeting the AGC g-range rather than provid- 
ing $@sting a t  several radial levels per rpm, Therefore, rating of the various EPOs 
r@1@teq 50 the propor$,Son of the full $-range that is provided during the course of des- 
t h  AGC rpm proale, w 
Excellent.: 
%Od: 
Fairr 
P0;or; 
Margin.&t 
g-range up to maximum of 1.0 
0,3 s g-maximum dl, 0 
0.4 5 g-mraximum -=(I* 7 EM3 'el) 
0.1 I g-maimurn e0.4 (EPO 'a', 'ki, 'c% &'dl) 
g-maximum < 0.1 
The pakings for t b  g-Gradient Ratio are tbe same as for the previous vestibular test$ 
dis~usf;ed, as are the ratings for R9M and Angular Acceleration. As a i r  flow patterns 
may provide clues to o~ien ta t i~u ,  subject and chair are  provided with a temporary 
shroud during this expe &nent, 
As to the Experiment Objective Attainment, EPO ' a '  is unacceptable qs a 
furmaen both of the time fixat the subjeat can be reasonably maintained in the wpropri- 
ate enviponment md need for remote tilt. ' For the o t k r  EPOs, the ratings a re  iden- 
tic@ t~ those listed a b v e  for g-level provision since the range of g-levels over which 
the s h j e c t  can be tested is the major dynamic criterion. Astronaut Time per Data 
Pqzb&t is 0.062 hr regardless of \ EPO, Weight per Experiment totals eight ibs. and 
V o L w  P e r  Experiment totals ,I. 5 ff.3, 
1-1, &gg etglith Seasidvity - The major change relative to Experiment 1-1. lgg 
~ons i s t s  of performtng*five repetitions within a single test day for a given subject, 
Ws$iqg him at i /4  g, one-haf g, one g, one half g and 1/4 g, in that order, with 1/2 
h~ ELt B P C ~  level before testing, The Subject Pre-test State for EPOs ' Q ', b and 
cQre r a t ~ d  excellent with this method. TheTotal Time is one day for each Subject h 
the sample. Time P e r  Data Point is 0.027 hour. Number of Data Points per Subject is 
160, and the Interval between repetitions i s  one hour. EPOs 'a', and 'c' a re  rated 
excellent onTime Factors using this method. EPOs ' a I, ' b ' and ' c ' a re  rated 
excellent on g-Level. There is no change in their ratings on g-Gradient Ratio. 
Predicated on an effective radius of four ft.to the subject1 s otoliths, approximately 13, 
19 and 27 rpm are required to provide the 1/4, 1/2 and 1 g fields, respectively. 
EpOs ' a1 , ' b1 and c1 rate excellent on this factor, all having the capability of 
providing that range. 
EPOs a ' , 'b ' and c ' provide the full g-range, with only the unknown 
effects of the increased g-Gradient Ratios to detract from the study's validity, they 
are rated good as to Experiment Objective Attainment. EPO ' a' is unacceptable be- 
cause i t  lacks a remote tilting capability. EPOs ' d'  and ' e ' are unacceptable be- 
cause of the power penalties. Astronaut Time Per  Data Point is 0. 054 hrs. 
1-1 l h  Ocular Counterrolling (CR) - This experiment's objective is the 1 
acquisition of data fundamental to an understanding of the functions of gravity recep- 
tors at various levels of hypogravity. 
The Experimental Source Reference for this study definition is the Artificial 
Gravity Committee (AGC). The Measured Phenomenon, counterrolling, is the tend- 
ency of the normally vertical meridian of the eye to remain vertical as the head is 
rotated to the right o r  left about the sagittal axis. Counterrolling is the only well- 
defined, entirely involuntary utricular reflex in man. CR is readily observed in any 
normal subject with markings on his ir is  to serve as a reference. As the subject' s 
head rotates about the sagittal axis from upright to 90" , his eyes will rotate from 
their normal position about 6 to 8 degrees in the opposite direction about their visual 
axes. CR does not occur in labyrinthine defective individuals, and is reduced as a 
direct function of reduced gravity, being nonexistent in normal individuals in the weight- 
less state. The response of the otolith (as indicated by the CR response) to off-nomin- 
al stimuli may provide significant information as to their mechanism of function. 
Normal subjects have been exposed to sustained body tilt (4 normals at 60" for eight 
hours), hypergravitational forces (histories of 27 test pilots and astronauts), to hypo- 
gravitation (in A/C parabola and during manned space flight), and to anti-motion sick- 
ness drugs. The drugs were not effective in reducing end organ response as mea- 
sured by the CR reflex, and the altered inertial environments had no post-exposure 
effect upon the CR response. As part of the baseline data, over 300 randomly select- 
ed normals and about 30 test pilots and astronauts have been tested at NAMI to attempt 
to determine what a normal CR index is. Marked individual differences have been 
noted. The study is being continued indefinitely to determine inter- and intra-group 
variability so  as to enhance the meaningfulness of Skylab Experiment M131 results. It is of 
fundamental importance to record in-flight CR indices at the various levels of sus- 
tained hypogravitation. 
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The common-use equipment involved is the restraint chair. Major instruments 
o r  Apparatus (experiment-peculiar ) are the camera system for photographing the iris 
and the associated dental bite-board. For this test the restraint chair must facilitate 
rotation of the subject up to .t50° about the optical axis of the camera system, which, 
when the subject is properly positioned, is also the visual axis of either his left o r  right 
eye. A custom fitted bite-board is used to fix the subject's head with respect to the 
camera recording system. The camera system used to photograph the natural iris 
landmarks includes a motor driven 35-mm camera with bellows extension and an 
electronic flash unit. Power is  required for the electronic flash, a timer control 
mechanism, and controls for the flashing, round fixation light which surrounds the 
camera lens. 
The AGC report suggests a complete repetition of the CR Experiment for 
each subject during each 24-hour period at  the given rpm and radius (g-level). The 
otolith testing (including the CR Experiment) is scheduled subsequent to the canalicular 
testing and before the testing of postural equilibrium. However, in ordering the 
vestibular and related tests, it  would be advisable to run the CR last as it calls for the 
use of a miotic agent to constrict the size of the pupil and reduce its physiologic oscil- 
lations, and the subsequent application of an antidote may not immediately restore full 
visual acuity to the subject. 
The Subject Pre-Test State is the same as for the Otolith Sensitivity Experi- 
ment, and the EPO ratings for  this factor are unchanged from those for the previous 
vestibular experiments. 
Immediately prior to the performance of the CR Test, one drop of 1% pilo- 
carpine HCl ophthalmic solution is instilled in the subjectf s eye to be photo- 
graphed. The subject is secured in the tilt chair, the CR bite-board inserted in his 
mouth, and the position of his appropriate eye adjusted s o  that i t  coincides with the 
optic axis of the camera system when he fixates the center of the flashing red ring of 
light. Six photographic recordings are made at the 0" position (the subject is  faced 
tangentially to maintain subsequent tilts in a parallel inertial field). He is then slowly 
tilted in his lateral (frontal) plane to each of four other positions (* 25", * 50" ), with 
six photographs taken in each of the positions. 
The Test Subject Activity is nearly a passive one, consisting only of fixating 
on the flashing red ring of light surrounding the optic axis of the camera when in- 
sltructed to at each tilt position. The CR Experiment requires virtually all physical 
manipulations of subject and apparatus to be done by the examiner, including setup, 
test, and cleanup. Throughout the period of experimentation, particularly after each 
change in body tilt, the examiner must verify the correctness of focus and the subjectf s 
fixation as indicated on the ground-glass screen of the camera. On this basis, 
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interpreting Test Subject Activity to mean all intra-centrifuge crew activity, EPO la1 
is rated unacceptable as its couch cannot be remotely adjhsted, and EPOs l b and 
l c1 are rated good as fine adjustments of camera focus and subject alignment must 
be performed remotely. EPOs ' d ' and let are  rated excellent 
As with the other experiments in this group, testing is designated by the AGC 
for each day of the 15-day duration covering Phases I1 and 111, with approximately 24 
hrs  separating a given subject1 s repetitions. Time per subject required for a single 
test repetition is 1-1/2 hr  (45 minutes setup, 30 minutes test, and 15 minutes clean- 
up). Time Pe r  Data Point is 0.30 hr. Total Number of Data Points per subject per 
experiment is 15 times 5, or 75. The EPO ratings far t h i s  factor a re  the same as  
for the previous vestibular experiments discussed. 
The Measurement Environment discussion, including EPO ratings, is identical 
to that for 1-1. l g l  (Otolith Sensitivity Test). 
Considering the Experiment Objective Attainment, EPO ' a '  is unacceptable 
as it does not have the capabilities for remote couch adjustment nor long-duration 
habitability. For the other EPOs the ratings are identical to those listed for the 
g-level provision. Astronaut Time P e r  Data Point is 0.60 hr. Weight per Experiment 
totals 6 1bs for EPOs 'd' and 'el, and 10 lbs for EPOs 'b' and lc' which require 
remote control systems. Volume per Experiment i s  0.5 ft3 for EPOs l d l and l e l 
and 0.85 ft3 for EPOS ' b  ' and ' c  l. 
1-1 lhg Ocular Counterrolling (CR) - Experimental Source Reference is GDC. L
The major change relative to Experiment 1-1. lhl consists of the entire ex- 
periment (five different tilt angles and four different g-levels ) being performed in a 
single testing sequence. The subject is completely set  up for a given tilt angle (starting 
with 0') while static and six photographic records a re  made at zero-g. The centrifuge 
is then spun up to 1/2g, 1/4g and lg,  in that order, with six records taken at each level. 
Minor adjustments of focus and camera/subject alignment required during rotation are  
servo-implemented for  EPOs 'b  l and l c l a s  in 1-1. lhl. The EPO i s  then spun- 
down to static and the next tilt arranged (-50°), with the above procedure repeated for 
all g-levels. Again for each of the subsequent tilts of +25", -25", and +5", in . 
that order. The Test Subject Activity ratings are  excellent for EPOs l b1 and l c1 
using this method. EPO l a 1  is  unacceptable as i t  lacks remote adjustment capa- 
bilities, and EPOS ldl and lel a re  excellent. 
Total Time for  the experiment is  3.5 h r  per subject. Time per Data Polnt is 
0.175. Repetition time is the sum of 45 minutes setup, 2-1/2 hr testing, 15 minutes 
cleanup. Number of Data Points per Subject per experiment is 20. The Interval 
160 VOL. I1 
between repetitions is not applicable (NA) as the tilt angle is kept constant and the 
g-level varied during each dynamic phase of the test. EPOs la1, 'bj, 'cl and ld1 are  
rated excellent on Time Factors: EPOs 'df and 'e', unacceptable from a power penalty 
standpoint. 
EPOs l a f  , bf and l c1 rated excellent on g-level as the entire range is 
provided. Other Measurement Environment ratings are unchanged. EPOs a1 , l b l 
and c1 rate poor on RPM, as they must provide a range of 13 thru 27 rpm (predicated 
on an effective radius to the subjectf s otoliths of 4 ft), all above the 10 rpm ceiling, 
to develop the entire g-range. 
As EPOs b1 and l c can provide all of the necessary test requirements, 
with only the unknown effects of the increased g-gradient ratios to detract from the 
studyf s validity, they are rated good as to Experiment Objective Attainment. EPOs 
a f  , df and l el are unacceptable. Astronaut Time P e r  Data Point is 0.30 hr. 
1-1. lil Postural Balance (Taxis) - This experiment1 s objective is to deter- 
mine angular velocity tolerance and its g-sensitivity by measuring performance of a 
standard static and dynamic postural equilibrium test. 
The Experimental Source Reference for this study definition is the AGC. 
The Measured Phenomena are the subject1 s walking and standing abilities as sensi- 
tized by the constraints of the standard NAMI Floor Ataxia Test Battery (FATB). 
Walking and standing involve nonvestibular proprioceptive mechanisms as 
well as vestibular ones. As such, deterioration in these functional abilities have been 
correlated, over a large number of groundbased studies using various ataxia test 
batteries, with the abnormal vestibular stimulation effects of gravitoinertial force 
environments, motion sickness susceptibility , labyrinthine caloric threshold response 
levels, proficiency of gymnastic body control, experimentally iiduced positional al- 
cohol nystagrnus and. blood alcohol levels, and clinical-type ataxia test responses. 
While postural disequilibrium o r  ataxia has been found to correlate with some single 
o r  analytically combined nonvestibular factors such as body configuration, age, and 
cardiopulmonary reserve, subject differences in general are primarily attributable 
to experimentally induced vestibular and proprioceptive effects in normal individuals 
or  to clinical otoneurological defects. Although not considered to be as serious a 
potential operational problem as motion sickness, elucidation of the underlying mech- 
anisms of taxis is of major pertinence to the effective design and operation of manned 
perrotational vehicles, and is also of theoretical scientific interest. In a reduced- 
gravity environment, the stimulus to the balancing mechanisms may be of such a low 
magnitude that there may be some decrease in balance effectiveness. When the low- 
gravity field is provided by rotation, the balance capability may be further impaired 
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because of coriolis forces and the cross-coupled angular accelerations. In order to 
see whether this effect i s  of sufficient magnitude to cause concern, experimental in- 
vestigations are required. 
The astronaut moving about in a rotating environment will be subjected to coriolis 
forces and cross-coupled angular accelerations. The magnitudes of the coriolis forces 
and the direction in which the forces act will vary depending on the walking velocity and 
direction relative to the axis of rotation. The same holds true relative to the cross- 
coupled angular accelerations that will be experienced when he turns his body rapidly 
from one orientation to another. As a result it may be difficult to coordinate the body 
and limb motions properly and to maintain postural equilibrium since varying stimuli 
will result from an attempt to make essentially identical voluntary motions in each 
case. 
The problems may be further complicated when the stimuli t;o the normal bal- 
ancing mechanisms are reduced as would be the case for artificial-g levels less than 
one, especially if it is  also accompanied by visual illusions. 
Earth simulators have limitations for assessing the ataxia effects during walk- 
ing in a rotating environment. One limitation is that the method of supporting a sub- 
ject in the correct attitude constrains the subject to walk in a single plane. Thus 
ataxia may not become evident in earth simulators making it difficult to extrapolate 
earth based results to the artificial gravity environment where the subject has six 
degrees of freedom. The result is that artificial gravity measurements of ataxia a re  
mandatory. 
Four functional boundaries are  expected to influence walking on the floors of 
rotating space vehicles. (The bases of the envelope are  partly supposition and partly 
groundbased data. Those data primarily g-dependent have been reasonably corrobor- 
ated by studies during A/c parabolic flight and hypo-g simulations. ) 
The upper gravity boundary is  one below which when walking at 3 ft/sec the 
body will never exceed 1 g. Below the leg weight boundary, the feet, when walking at 
3 ft/sec, will not exceed 1 g. Above the 0.1 g traction limit,traction is expected to be 
adequate. The fourth boundary, the ratio of Coriolis force to artificial weight, is one 
above which,when walking 3 ft/sec, the change in weight due to the relative motion will 
not exceed 0.5 of the artificial weight. A number of studies at LRC have examined 
walking in simulated artificial gravity at the nominal values of 1/6, 0.2, 0.3, and 
0.5 g. While walking against the rotation at 1/6 g traction became difficult which 
tends to verify the traction boundary. At 0.5 g while walking with the rotation the sub- 
jects complained of leg heaviness, indicating that the boundary for leg heaviness may 
be somewhat high. Walking at 0.3 g seemed to be the most amenable g of those 
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studied. The coriolis/gravity boundary has not essentially been established at 0.5. 
It should be noted that these data were obtained for curved floors having a constant 
value of radius. Flat floors, depending on the radius, can impose additional diffi- 
culties. 
The use of the NAMI Floor Ataxia Test  Battery (FATB), is recommended for 
several reasons: (1) its precise constraints make i t  more quantifiable and more sensi- 
tive to equilibration dysfunction than conventional locomotion tasks , therefore it both 
supplements and complements data to be derived from the latter tests performed in 
the same environment; (2) i t  makes available a large body of normative and ground- 
based experimental data against which to compare spacebased results; and (3) i t  pre- 
sents some advantages over the NAMI Rail Ataxia Test Battery (RATB), with which i t  
shares the above virtues, in that a rail is not required for  conduct of the test, and 
the hazard of falling when balance i s  lost i s  thus essentially eliminated. 
Common-use pieces of equipment involved a re  two cinegraphic cameras. 
Major Instruments o r  Apparatus (experiment-peculiar) required are  a sound equalizer 
and a floor grid. The sound equalizer consists of the ear  pieces of a stethoscope inte- 
grated by a plastic tee, with the tee open to the environment. This item is worn by 
the Subject during the testing, to distribute all sounds, from whatever direction, 
symmetrically to his right and left ears. This prevents tropic imbalance due to 
asymmetric sound. The floor grid consists of a seven-foot by seven-foot square area  
marked off in a six-inch grid, the two axes of the square running axially and tangen- 
tially. The grid is a permanent part of the flooring and the individual squares of the 
grid are  boldly identified, using an alphanumeric system, so  that they are  legible 
when viewed by the examiner through the TV monitor. 
The Subject's Pre-Test State and the associated EPO ratings a r e  identical 
with those of the previous experiments. 
The Test Subject1 s Activity requires that he perform all of the standing and 
walking balance tests making up the Floor Ataxia Test Battery (FATB). These are 
performed twice during one test repetition: once in the axial direction and once in 
the tangential direction. All of the tests making up the battery are performed with the 
Subject in the stringent body position of arms folded against chest, feet (shoes on) 
heel-to-toe and tandemly aligned (SOLEC and Classical Romberg Tests excepted), and 
body erect o r  nearly erect. Administered in the following order, they consist of the: 
(1) Sharpened Romberg (SR) - standing with eyes closed for a period of 60 seconds; 
(2) Stand One Leg Eyes Closed (SOLEC-R and SOLEC-L) - standing for a period of 30 
seconds; (3) Walk a Line Eyes Closed (WALEC) - walking a distance of five feet in a 
straight line; (4) Walk On Floor Eyes Closed (WOFEC) - same as WALEC, but 
scored differently; (5) Classical Romberg. In instances of extremely poor performance 
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eyes-open versions of the following tests are administered: (6) Sharpened Romberg 
(SR E/O); (7) Stand One Leg Eyes Open (SOLEO-R and SOLEO-L); (8) Walking a Line 
Eyes Open (WALEO); (9) Walking on Floor Eyes Open (WOFEO); (10) Classical Rom- 
berg Eyes Open (CR E/O). A description of the individual ataxia tests and scoring 
procedures follows. 
Sharpened Romberg (SR). A maximum of four trials is  administered. Test- 
ing is  discontinued when the criterion score of 60 seconds' standing time is obtained 
on any trial. Subjects are  permitted to close their eyes at any time after assuming 
the correct body and foot positions. A score of 60 seconds on the first  trial is  
weighted 4, and a perfect test score of 240 (60 seconds x 4 trials) - Subjects are  
credited with perfect scores on the remaining nonadministered trials - is assigned; 
a perfect score on the second trial is  weighted 3, and 180 (60 x 3) plus the number of 
seconds stood on the first trial becomes the assigned test score; a perfect score on 
the third trial is  weighted 2, and 120 (60 x 2) plus the number of seconds stood on the 
first  two becomes the assigned test score; with Subjects requiring a fourth trial, the 
total number of seconds stood or, the four trials becomes the assigned test score. 
Stand on One Leg Eyes Closed (SOLEC). Subjects undertake this test upon 
completion of the SR. The task consists of standing on each leg (SOLEC-R and SOLEC- 
L) with arms folded against chest. A maximum of five trials is administered. Testing 
on each leg i s  discontinued when the criterion score of 30 seconds i s  obtained on any 
trial. Subjects a re  not permitted to make this a dynamic test by virtue of moving the 
standing foot in any way. However, any amount of movement of the opposite leg o r  of 
the body is permitted a~ long as the body is maintained in an erect o r  near-erect posi- 
tion. Subjects are  permitted to close their eyes at any time after assuming the cor- 
rect  body position. Subjects who violate the static foot requirement are stopped im- 
mediately, and number of seconds stood prior to the violation constitutes the tr ial  
score. Subjects begin the test on the leg of their choice. Subjects who require more 
than one trial on each leg (stand less than 30 seconds) are  requested to alternate legs 
on additional trials in the interest of reducing fatigue. A perfect score on the first  
trial is weighted 5, and a perfect test score of 150 (30 seconds x 5 trials) - credit 
for nonadministered trials is  given as for the SR test - i s  assigned; a perfect score 
on the second trial  is weighted 4,  and a score of 120 (30 x 4) plus the number of 
seconds stood on the first  trial is assigned; a perfect score on the third trial is weighted 
3, and a score of 90 (30 x 3) plus the number of seconds stood on the two previous tests 
is assigned; a perfect score on the fourth trial is weighted 2, and a score of 60 (30 x 
plus the number of seconds stood on the three previous trials is assigned, with sub- 
jects requiring a fifth trial,  the total number of seconds stood on the five trials be- 
comes the assigned test score. 
Walk a Line Eyes Closed (WALE C). Subjects undertake this test upon com- 
pletion of the SOLEC. The task consists of walking as straight as possible a 7-foot 
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long line on the floor at a walking speed typical to the Subject, with arms folded against 
chest and feet tandem, heel-to-toe (shoes on). Trials during which the foot position is 
violated either by non-tandem alignment of feet o r  by toe not touching heel are not 
scored. A maximum of five nonscorable trials is permitted. Each scorable trial re- 
quires that the Subject walk the entire 7-foot distance. Subjects alternate their starting 
position from trial to trial. The number of inches of deviation from the line (measured 
to the nearest inch from the center of the foot) at the end of its 7-foot length constitutes 
a trial score, and the total of the two best trials out of three (best equals least deviant 
from the line) constitutes the test score. Subjects not meeting the criteria for s corable 
trials are scored as unable to perform (UTP). A major limitation of the WALEC pro- 
cedure is  that in notably ataxic individuals the qualitative performance is often more 
deviant from normal than the individual1 s score would indicate. Hence, the addition 
of the WOFEC to the test battery. The WALEC appears to be as much or  more a test 
of spatial orientation than of a test of ataxia. 
Walk on Floor Eyes Closed (WOFEC). This test and the WALEC are admin- 
istered simultaneously. The task consists of walking as straight as possible five heel- 
t-toe steps beyond the first  two starting steps. A maximum of five trials is admin- 
istered. The best three out of five trials constitute the score. The maximum test 
score obtainable is 15 (5 steps x 3 trials). 
Eyes Open Tests and the Classical Romberg. Subjects with unusually poor 
eyes-closed test performance scores are administered also the Classical Romberg 
(CR) test with eyes closed, followed by the eyes open versions of all test procedures, 
viz., SR F/O, SOLEC (R and/or L), WALEO, WOFEO, and CR E/O). 
The only modification of the NAMI procedure is reducing the linear walking 
distance from 12 to 7 feet to conform more to the spatial restrictions of the space 
vehicle environment. Studies at GDC using only a five-foot by five-foot grid have 
demonstrated sufficient sensitivity to pos t u r d  stability defects. Cinegraphic records 
and subjective comments will provide ancillary data. To implement the former, cine 
cameras will photograph in both tangential and axial directions continuously during 
testing. The Subject will wear stretch pants marked with longitudinal reflecting 
stripes to facilitate subsequent evaluation. EPO ratings on the factor of Test Sub- 
ject Activity a re  unacceptable for EPO 'at ,  a s  no floor is available to support the 
subject, and good for EPOs 'b' and 'c' ,  they will not facilitate the WOFEC and 
WALEC, and their eyes open equivalents, as the axial dimension of the test cham- 
bers is only four feet. (This, however, is not a severe constraint as walking tangen- 
tially will be the limiting direction in the space vehicle, entailing the greater coriolis 
stresses. ) EPOs ' d' and ' e are rated excellent. 
This experiment follows the same time profile as the other AGC vestibular 
and related tests, extended over 15 days with repetitions per Subject separated by 
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approximately 24 hours. Maximum number of data points .per repetition would be 12 
points (predicated on an environment so  hostile that CR and EO tests are  required). If 
only EC are  required, the total would be 10 points. Time per Data Point is 0. 083 hr. 
Number of Data Points per subject per experiment is 15 x 12, or  180. EPO ratings 
on time factors are the same as for the previous experiments discussed. Measure- 
ment Environment discussion and E PO ratings a r e  identical to the experiment s, 
as detailed in the Oculogyral Illusion Experiment (1-1. l a l )  text, with the exception 
that E POs b and c are rated poor for g-level instead of fa i r  a s  only one radius 
(g-level) is provided for each rpm. 
Experiment Objective Attainment ratings are  unacceptable for EPO a f  
because of lack of supporting floor, marginal for  EPOs bf  and c f  as the coriolis/ 
gravity ratio is  well outside the functional envelope discussed above. EPOs 'd f  and 
f e f  are ,rated poor and fair, respectively, for the reasons.detailed in Experiment 
1-1. lal. 
Astronaut Time per Data Point is  0.166 hr. Weight P e r  Experiment is 0.2 
lb. Volume P e r  Experiment is  0. 01 ft3. 
1-1. l i 2  Postural Balance (Taxis) - The methodology is  analogous in all re- 
spects to treatment of preceding experiments in conducting testing at all available 
radii during Phase I1 of AGC profile, However, only one radius is available for 
EPOs Ib1 and ' c l .  
1-1. l i3  Postural Equilibrium (Taxis) - The Experimental Source Reference 
for  this study definition is GDC. Rotational studies at  NAMI have demonstrated that 
LD subjects quantitatively experience the same problems in walking and standing after 
spinup and following spindown (subsequent to perrotational habituation) as do normal 
subjects, indicating that non-vestibular proprioceptive mechanisms not only are in- 
volved along with vestibular mechanisms in facilitating postural balance, but that 
the former are significantly more critical to the taxis. Moreover, NAMI tests have 
demonstrated that, in comparison to vestibular habituation, postural habituation 
develops much more slowly. I t  is therefore feasible to spin subjects up, in a step- 
wise fashion, using the habituation headturn sequence detailed in Experiment 1-1. la3 
to render the subject progressively rotationally tolerant, to the rpm levels required to i 
develop the desired g-levels in EPOs bf  and ' c f  . 
As has been mentioned, above, the results of studies performed at  LRC - 
using horizontally-suspended subjects walking at  a 20-foot radius - suggest that 
walking at  0.3 g was the most preferable of the four hypogravitational levels tested, 
while walking with rotation at 0.5 g produced a sensation of leg heaviness and walking 
against rotation at  1/6 g caused difficulty in traction. (Note: Walking at 3 ft/sec 
produces an effective g-change of approximately 0.015 g. ) Also, i t  has been 
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demonstrated in non-rotational environments (A/c flying parabolic maneuvers) that 
there i s  only minimal improvement in walking a t  0.5 g relative to 0.3 g. It would 
follow that probably the most critical range of hypogravitational pbstural balance 
could be explored while not exceeding 0.5 g at  the subj ectf s c. g. , a level well within 
the capability range of EPOs b and l c I .  
The Subject's Pre-Test State at each g-level (rpm) i s  that of vestibular habitu- 
ation (following the sequence of repetitive head turns in the restraint chair) but lack of 
postural habituation to the same environment. All EPOs are rated excellent on this 
factor. Test Subject Activity at each g-level (rpm) consists of performing the habitu- 
ation headturn sequence as detailed in 1-1. la3 and, at those rpm levels providing the 
required g-levels (0.1, 0.2, 0.3, 0.4 and 0.5, respectively) at the subject's standing 
c. g. for the conduct of the FATB, to follow the habituation sequence with the FATB. 
EPO a f  , with no floor, is unacceptable. The rating of EPOs b and ' c1 are 
good on this factor, limited only by the 4-foot axial floor constraint. EPOs ' d f  and 
e ' are rated excellent. 
The Total Time per subject per experiment i s  three days. Day One consists 
of habituation sequences at 2, 4 and 6 rpm and habituation, plus FATB sequences at 
7.3 (0.1 g) and 10.3 (0.2 g). Day Two consists of habituation plus FATB sequences at 
12.6 (0.3 g), 14.6 (0.4 g), 16.3 (0.5 g), 14.6 and 12.6 rpm. Day Three consists of 
habituation and FATB sequences at  10.3 and 7 . 3 ,  and habituation sequences at 6,  4 
and 2 rpm. The habituation sequence requires approximately one hour, the FATB 
1/2 hour, and 1/2 hour is allotted between the habituation sequence and the FATB test- 
ing. Therefore, when not overnight, the interval between FATB testing is approxi- 
mately 1-1/2 hour. Time P e r  Data Point is 0.55 hr. (calculated on 3 days X 10 hours 
per day). Total Number of Data Points per subject per experiment is 54 (9 repetitions 
t:mes 6). 
EPO a '  is unacceptable and EPOs b f  and c f  'good on time factors 
(based on maintaining the subject on the appropriate environment for  the required 
three days j. 
Considering the Measurement Environment, EPOs a' , b f  and ' c f  rate 
excellent on g-level and poor on rpm. Experiment Objective Attainment ratings are 
good for EPOs b f  and ' c f  , being devalued only by the high coriolis/gravity ratio. 
EPOs a '  , d and ' el a re  rated unacceptable, d a d  ' e ' because of power penal- 
ties. Astronaut Time P e r  Data Point is 1.1 hr. Weight P e r  Experiment i s  8.2 lbs. 
Volume P e r  Experiment is  2.01 ft3. 
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- 1  1 Gastrointestinal Function (Motion Sickness) - The objective is to determine 1 
angular velocity tolerance and its g -sensitivity by measuring neurovege tative responses 
to sequences of headturns performed relative to the plane of rotation. 
The experimental source reference for this study definition is the AGC. The mea- 
sured phenomena are  the level of acute motion sickness severity and the effects on 
gastrointestinal activity associated with sustained interaction with the various levels of 
rotation due to sequences of orthogonal headturns. 
The vestibular system, characterized by delicate bilateral balance and with exten- 
sive articulations in the central nervous system, is easily disturbed. The disturbance 
may be manifested by abnormal behavioral responses which not only fall into two distinct 
categories but also have curious functional relationships. The first category (some - 
times identified as the V-I, for vestibular primary) includes those reflex phenomena evoked 
cross-coupled angular accelerations when the head is rotated out of the plane of environment 
spin, and revealed through systems which, under natural stimulus conditions, have func- 
tional articulations with vestibular receiving areas. Included in this category are  the 
illusion of postural rotation, the oculogyral illusion, nystagmus , dizziness, and ataxia. 
The second category (V-It, for vestibular secondary) comprises epiphenomena super- 
imposed on any manifestations of the first, when the unusual vestibular activity, pre - 
sumably through facilitory-inhibitory processes, irradiates to cells o r  cell assemblies 
not normally stimulated. In contrast with the V-I manifestations, which are  few in 
number, the V-JI signs and symptoms are  numerous and variegated. The initial V-JI 
symptoms involve the visceral nervous system and include sweating, flushing, and 
pallor due to vasomotor activity, drowsiness, a decrease o r  increase in salivation, and 
a host of symptoms generally referable to the gastrointestinal tract although of central 
origin. The nausea syndrome is but one of the many symptom complexes, although 
rightfully regarded as  the most important because of its distressing and incapacitating 
features. Second- and third-order symptoms are  evoked presumably via hypothalamic 
motorneurone activity releasing the pituitary hormones ADH and ACTH. As has been 
emphasized, the threshold of somatic outflow (V-I responses) is about three times as 
high a s  that of visceral nerve (V-11) responses. This suggests that the monitoring of 
the latter manifestations of rotational stress may provide relatively sensitive indicators 
of subject tolerance. Therefore, in addition to the need to provide comparative informa- 
tion of the V-11 responses,as well a s  V-I, to given canalicular stimuli under hypogravity 
relative to the responses under groundbased conditions, i t  is pertinent to the program of 
angular velocity tolerance testing to include determinations of neurovegetative reactions 
at  a level short of exposing the subject to possibly incapacitating motion sickness. Also, 
monitoring of gastrointestinal function will provide valuable information as to any mal- 
functions of digestion and absorption relative to the force environment that could be po- 
tentially inimical to the subject's wellbeing. The fundamental basis of the experiment 
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method is that changes o r  disturbances in either digestive function o r  absorptive pro- 
cesses will prevent the uptake of various substances commonly transferred from the 
intestinal lumen into the blood. These substances will appear in the feces and their 
levels in the blood and urine will tend to be reduced. Rates of absorption and excretion 
of the pentose monosaccharide, xylose, have been found to be relatively constant in 
normal individuals and can be reliably documented in preflight baseline studies. Follow - 
ing ingestion, the blood xylose level reaches a maximum in one to two hours and there- 
after declines linearly to fasting values, reaching the latter levels in about five hours. 
Approximately 65% of the ingested quantity of xylose is absorbed by the body, with the 
remaining 35%, in all probability, being metabolized by normal intestinal flora. Xylose 
excretion by the kidneys with respect to plasma xylose concentration is a constant, 
with 40% of the compound being removed through glomerular filtration. Of the remain- 
ing 60% of the plasma xylose, 20% is metabolized through a pentose shunt with subse- 
quent elimination as  carbon dioxide and 40% is unrecoverable and is thought to enter the 
tricarboxylic acid cycle where i t  becomes part of the body non-carbohydrate pool. With 
the urinary excretion being a constant percentage of the plasma xylose level, intestinal 
absorption in response to the physical environment should be reflected in the excretion 
patterns. 
The remote common-use pieces of equipment required a re  the specimen mass mea- 
surement device, the waste management fecal dessicator, and the IMBLMS spectro- 
photometer. The in situ common-use equipment consists only of a refrigerator for short- 
duration storage of urine and fecal specimens. Major instruments o r  apparatus (experiment- 
peculiar) include test me als and xylose samples. The Subject Pre-Test State, excluding 
the first test of Phase I1 immediately following initial spinup, is that of undergoing pro- 
longed rotation, but naive to each successive inertial environment characterized by a 
given combination of rpm and g-level (radius). The Test Subject Activity consists of taking 
the prescribed xylose dosages and consuming the test meals on schedule, of ensuring 
that all test-meal remains, urine, and feces a r e  stored for processing when convenient, 
and of observing and reporting all required fecal characteristics. Immediately before 
starting the f i rs t  task in the experimental program requiring repetitive headturns out of 
the plane of spin (e.g., the RATER Task), the subject consumes 25 grams of xylose dis- 
solved in 250 ml of water, followed by an additional 250 ml of water. One-hour urine 
specimens are  collected for each of the next five hours. Samples are  refrigerated until 
a technician can perform a spectrophotometric analysis for xylosa on an aliquot of each 
sample. This procedure is followed daily for each subject throughout Phases I1 and 111. 
The only alimentation allowed for test subjects throughout Phases I1 and 111, other than 
the xylose dosages, are  the test meals containing accurately measured amounts of the 
various foodstuffs and dietary constituents. These a re  ingested at a specific time of the 
day. If any part of the meal is uneaten, it is saved for subsequent weighing on the speci- 
men mass measurement device (SMMD) and recording. At each defecation, the Subject 
follows the prescribed procedure in observing and recording (on voice log) the fecal 
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characteristics, including frequency, consistency, color, odor, and general appearance 
of the feces. Feces a re  stored in air-tight plastic containers under refrigeration until 
they can be analyzed for wet weight (using SMMD), dessicated (using waste management 
dryer) and dry weighed. Aliquots of each dried feces sample a re  chemically analyzed 
post-flight. In addition to the fecal characterizations and running of the xylose tests, 
the subject is required to record as a time-function any GI symptoms such a s  altera- 
tions in appetite o r  tastes in food, flatulence, discomfort, heartburn, etc. The subject 
is also required to observe and record the time -relationship of any motion sickness 
signs o r  symptoms using the NAMI scheme shown in Table 13. The monitoring of these 
signs and symptoms i s  to be done on a convenience basis throughout Phases I1 and 111. 
Diagnostic Categorization of Different Levels of Severity of Acute Motion Sickness 
Pathognomonic Major Minor Minimal AQS* 
Category 16 points 8 points 4 points 2 points 1 point 
Nausea Vomiting o r  Nausea+II , I11 Nausea I Epigastric Epigastric 
Syndrome retching discomfort awareness 
Skin Color 
Cold 
Sweating 
Increased 
Salivation 
Drowsiness 
Pallor 111 Pallor I1 Pallor I Flushing/ 
Subjective 
warmthrII 
Pain Headache 
Central Dizziness 
Nervous Eyes closedlII 
System Eyes open I11 
Levels of Severity Identified by Total Points Scored 
Frank Sickness Severe Malaise Moderate Malaise A Moderate Malaise B Slight Malaise 
(S) (M 111) (M IIA) (M IIB) (M 1) 
116 points 8-15 points 5-7 points 3-4 points 1-2 points 
*AQS = Additional qualifying symptoms. +III = severe o r  marked, I1 = moderate, I = slight 
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(Note: The use of endoradiosondes -- small ingestible capsules containing a miniature 
radiotransmitter to measure intestinal motility, pressure and pH is a fairly recent 
development which has shown considerable usefulness in the labor'atory. The major 
problem is in determining the capsule location in the GI tract after it is passed through 
the stomach, the locatidn being described relative to external landmarks and time-fixed 
from the moment of ingestion. Fluorosoopic examination in space is not feasible, and 
the use of tri-orthogonal antenna arrays requires considerable volume. The present 
laboratory procedure requires 3-4 hours of technical support. Although the endoradi- 
osonde technique is still being considered for space flight, the above problems and the 
uncertainty of their near-term solution led to its exclusion from the present experiment 
definition). EPO ratings for test s u b j s t  activity are  identical to those detailed for 
the previous vestibular experiments. 
The experiment's total time covers both Phase I1 and I11 (15 days maximum). Num- 
ber of data points per repetition per subject is the total from the xylose test and fecal 
evaluations. One xylose test is performed on each subject per 24-hour period, pro- 
viding five data points. Predicated on two fecal samples per day and considering the 
chemical and physical characterizations a s  one point each (They would probably contri- 
bute more information that that), provides two data points, for a total of seven per 
repetition. Number of data points per subject per total experiment is 15 x 7, o r  105. 
The subject time for observing and recording fecal data and storing urine and fecal 
samples is one hour per day for a time per data point of 0.14 hour. Time factor ratings 
for EPOs are  the same a s  for previous experiments. No time consideration is given 
for the rating of motion sickness symptoms as  their occurrence is unpredictable. 
Measurement Environment EPO ratings for all factors a r e  comparable to those for 
the previous canalicular experiments and a re  detailed in 1-1. l a  
1' 
The experiment objective attainment EPO rating is the same a s  for the previous 
canalicular experiments described. Astronaut time per data point includes the 
technician's time for spectrophotometric analysis of urine samples for xylose content 
and the weighing and drying of fecal samples, and totals 0.32 hour. Weight per ex- 
periment is 0.5 1b. Volume per experiment is 0.01 ft3. 
1-1. l j  Gastrointestinal Function (Motion Sickness) - This experimental methodology 2 
relates to j a s  I-l.la does to a Therefore, for details of j changes entailed in j 1 1' 1 2 ' 
confer with the methoggiven for a 2' 
1 - 1 1  Gastrointestinal Function (Motion Sickness) - The Experimental a u r c e  3 Reference is GDC. 
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The methodology consists of performing the 1-1. l e  (RATER) experiment nearly 3 
as is, with the only changes being that the time spent at each rpm is extended to 24 hours 
and the time at each rpm /radius (g-level) environment a minimum of five hours (to allow 
for a return of the xylose excretion level to fasting concentration), and the xylose test, as  
well as  the characterization of gastrointestinal function and motion sickness symptoma- 
tology , a re  incorporated in the experimental Test Subject Activity. As described in 
I - 1 .  after reaching each new rpm/g-level environment, subject consumes xylose 1 'dosage just before beginning RATER task. Other subject activities are also equivalent 
to the j descriptions. 1 
Time changes are in the Number of Data Points (98), Total Time (7 days), and 
Interval (averaging 10.5 hrs). Ratings on Time Factors and Measurement Environ- 
ment are unchanged. The Experiment Objective Attainment, using this method, is 
rated good for EPOs b1 & , with EPO a 1  considered unacceptable from the 
habitability standpoint. EPOs Id1 & ' e l  are considered unacceptable on a power 
penalty/experiment basis. Astronaut Time per Data Point is unchanged. 
1-1.2 Neurophysiological Functions \ 
I-1.2a Neuromuscular Feedback Function - The objective is to determine angular 1 
velocity tolerance and its g-sensitivity by measuring neuromuscular feedback function. 
The Experimental Source Reference for this study definition is the AGC. The Measured 
Phenomena are the ankle reflex gains during a variety of circumstances which alter the 
effectiveness of the ankle reflex control loop in maintaining postural stability. 
Testing and measurement of the deep tendon reflexes has long been an accepted 
area of investigation in neurophysiology. The primary importance of these reflexes and 
the multiple feedback loops subserving their function in maintaining postural orienta- 
tion, and the possibility of their being affected by environmental rotation and/or hypo- 
gravitation render them deserving of early study during extended artificial gravity flight. 
No deterioration in neural activity has yet been observed during manned space flights 
o r  in groundbased rotational studies, but possible alterations in muscle size and/or 
strength and alterations in vestibulo-spinal tone, for example, could effect changes in 
these postural reflexes that would significantly affect the crewman's functional capabilities. 
Therefore, testing and measurement of the deep tendon reflexes provides important cri- 
teria for judging the tolerability of various angular velocityjg-level exposures. In doing 
so, it closely compliments the results of Experiment 1-1. lil on taxis. Additionally, it 
takes advantage of the unique environment of space which permits differentiating the 
various feedback inputs due to the altered vestibular and exteroceptive stimuli. Because 
of the inherent complexity of the multiloop control mechanisms employed to control 
postural orientation, quantification of neuromuscular feedback function is achieved by 
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considering only a simple standing task and further simplifying the analysis by con- 
sidering only control of forward and backward rotational motions of the body (termed 
body away o r  body angle motion) about the ankle joint. As such, the study is closely 
patterned after the experiments on sensory feedback in human posture control per- 
formed by Nashner (1970). Body sway motion represents the critical mode in control 
of posture because of the inherently unstable characteristics of the erect human body. 
The goal of the postural control system in this simple tasE, therefore, is to assess the 
immediate status of body sway motion and generate appropriate ankle reaction torques 
to maintain stability. 
The ankle joint reflex is a classical example of the stretch reflex in its action to 
inhibit body sway. Reflex control in both extensor and flexor muscles about the ankle 
joint resist changes is length through both mechanical and spinal level active processes. 
Sensitivities of the reflex responses, both in terms of absolute threshold and rate and 
magnitude of response, are regulated by spinal as well a s  higher centers, including corti- 
cal, cerebellar, vestibular, reticular, and cervical, through gamma-efferent enervation 
of the muscle spindles. The experiment described below is designed to evaluate the re- 
flex control loop as functioning with and without modulation by the higher centers. 
Common-use pieces of equipment include a hybrid computer facility to operate the 
experiments, collect data and store it on digital tape. Major Instruments o r  Apparatus 
(experiment -peculiar) is the experimental platform on which the subject stands during 
experiments. The platform enables the experimenter to influence the control strategy 
of the subject and permits him to probe the states of the postural control system with 
small transient disturbances. The platform performs two basic functions: 1) it mea- 
sures ankle reaction torques and the body lean angle, and 2) it introduces sinusoidal and 
stepped rotational inputs to the ankle joints. The platform implements ankle torque 
measurements by using resistance bridges to measure differential loadings between 
variable resistance force transducers at each of the platforms four corners. Body angle 
measurement is performed by a simple 2 -potentiometer and cable system, with two 
additional potentiometers, one on each hip of the subject, nulling effects of vertical 
axis rotations. The platform is maintained on a member which is able to rotate about 
an axis colinear to that of the ankle joint. A hydraulic ram and servo valve control the 
angle of the force plate (platform) member. 
The Subject's Pre-Test State and the associated EPO ratings are identical with 
those of the previous experiments that succeed the 1-1. lc l  (RATER) experiment (with 
its sequences of habituating head-turns) in the AGC program. 
The Test Subject's Activity is essentially a passive one and unchanged for the 
thirty-six runs making up a single experimental repetition, each run requiring 1.5 
minutes and followed by a 0.5 minute rest period. For each run the subject stands 
VOL. I1 
relaxed on the experimental platform, arms folded above the waist and feet ten to twelve 
inches apart. The subject's knees are  locked. He is asked to avoid shifting his stance 
during the 1.5 minute duration of each test run. The platfkrm detects the subject's re- 
action torques and his sway angle about the ankle joint. A hydraulic position servo allows 
rotation of the platform about an axis colinear with that of the subject's ankle joint. The 
ankle stretch reflex is excited by small steps of the platform. The experiment is con- 
trolled by a hybrid program, which initiates each step disturbance, initializes the torque 
and body angle readings, and stores the responses on digital tape. The direction of each 
step rotation is random about zero platform angle. The time between steps is random 
within an interval of 5 to 15 seconds. During each test run the subject is asked to stand 
relaxed with his eyes open o r  closed, whichever is designated. To prevent fatigue, each 
test run is limited to eight step samples, o r  approximately 1.5 minutes, Three test 
runs are conducted for each of two step sizes (0.1 and 0.5 degrees) for each of Six pos- 
tural control conditions, o r  thirty-six runs. The six postural control conditions a re  : 
1) on rigid platform, eyes open, 2) on rigid platform, eyes closed, 3) platform that Is 
performing small random low frequency rotatory oscillations, eyes open, 4) repeat with 
eyes closed, 5) on platform servoed to maintain zero ankle angle, eyes open, and 6) 
repeat with eyes closed. The random appearing platform disturbances are compesed 
of six sinusoids : 
Radians per Second Amplitude 
0.1 1" 
0.15 1" 
0.21 1" 
0.29 0.5" 
0.33 0.5" 
0.61 0.5" 
The maximum amplitude of the composite signal never exceeds &2", with frequencies 
well within the range of nominal postural responses. The reflex response amplitude, 
defined as t l e  maximum ankle torque occurring within 80 to 125 millisecond$ after 
initiation of the step disturbance, is determined for each step response for postural 
control conditions 1 through 4 (in 5 and 6 the platform is servoed to maintain zero ankle 
angle). Reflex gain is defined as response torque amplitude divided by the ankle step 
size. A significant feature of the reflex control loop is the large increase in gain for  
disturbances of very small amplitude when testing normal snbjects under gmmdbased 
conditions. While gains for steps of 1/2 degrees, for example, a re  considerably b l o w  
that necessary for postural stability (1 ft-lb/degree versus about 5 ft-lb/degree), a 
five-fold increase in gain for 1/10" steps (5 ft-lb/degree) suggests that reflex control 
alone may fully stabilize the body for disturbances within this limit. The simplicity of 
the ankle reflex control provides the advantage of rapid response to postare distur- 
bances, but i t  has the limitation of operating within the body reference frame, that of 
relative motion between body parts. From 0. 1" to 0,125" steps (whether flexion o r  ex- 
tension) the gain rapidly decreases from 5 ft-lb/" to approximately 1 ft-lb/" so that 
simple gain control from higher centers is required to fully shbilize body disturbances. 
Under groundbased conditions, when the supporting surface is rigid, ankle angle motion 
provides both the body and inertial reference information necessary for stability. On 
non-rigid surfaces inertial information is lost anci the higher center sensory loops (eyes 
and vestibular organs) must mediate or  override the reflex responses to provide pos- 
tural stability. In this experiment, postural conditions 1 and 2 provide a rigid plate 
platform, conditions 3 and 4 introduce random ankle angle disturbances that tend to 
suppress reflex control, while conditions 5 and 6 completely eliminate ankle position 
feedback. Steps of 0. 1" and 0.5" do not and do respectively exceed the independent gain 
control of the ankle reflex, and the visual and nonvisual runs allow differentiation of 
visual from vestibular inputs. The E PO Ratings for Test Subject Activity are the same 
as  for Experiment 1-1. l i  . 
The Total Time is 15 days, with an interval of approximately 24 hours between a 
given subject's repetitions. The subject time for a single repetition is 104 minutes 
(20 minutes setup, 72 minutes test, and 12 minutes cleanup). The minimum number of 
data points per repetition is 288, giving a Time per data point of 0.006 hours. The 
total number of Data Points per subject per experiment is 4320. The EPO ratings for 
time factors are the same as  for the preceeding experiments, and the EPO ratings for 
the Measurement Environment are identical to those of the Taxis Experiment (1-1. li  ). f 
The Experiment Objective Attainment discussion and its EPO ratings are the 
same as  for Taxis Experiment (I-1 . li ) . Astronaut Time Per  Data Point is 0.012 hrs . t Weight Per  Experiment is 18 lbs . Vo ume per Experiment is 1.5 ft3. 
I-1.2a, Neuromuscular Feedback Function - The methodology of this experiment 
.- 
bears the sa&e relationship to I-1.2a as  1-1. li does to 1-1. li and for the same- rea- l 2 l' 
sons. For details, therefore, of a to a changes, confer with method given for 1-1. li 1 2  2. 
I-1.2a Neuromuscular Feedback Function - During quiet standing on a rigid, flat 3 
surface, the ankle stretch reflex gains are about one-third that necessary for posture 
stability. Small "stictionl' forces (suggested as being due to the persistence of stable 
bonds between actin and myosin filaments) acting between fibers within both intra- and 
extra-fusal muscle, however, supplement this reflex gain, and together they provide 
a gain adequate for complete stability for very small ankle deflections. Quiet standing 
shows periods of s tiction stability punctuated by frequent transients during which the 
subject loses stability and begins to diverge. Kinesthetic cues, changes in pressure 
distribution on the feet first detect this divergence, triggering a multiplicative increase 
in reflex loop gain proportional to disturbance amplitude. And because deep pressure 
sensation habituates rapidly, an additional sense, either visual and/or otolith informa- 
tion, is necessary to provide drift stabilization during nominal quiet standing. 
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Average reflex gain is found to be a good measure of participation of the reflex 
mode of posture'regulation. When small amplitude, low frequency platform rotational 
motions a re  introduced, the reliability of this mode of control is reduced. A corres- 
ponding decrease in reflex gain is seen. When the reflex feedback loop is removed by 
maintaining ankle angle at zero with a servoed platform, mean reflex gain drops to 
nearly zero. With reflex/exteroceptive feedback thus removed, the subject must rely 
completely on the higher center motion sensors, the vestibular and visual systems. 
With eyes closed, vestibular cues a re  sufficient to provide postural stability. The 
canals, the higher frequency motion sensors, detect body divergence and initiate pos- 
tural responses, but their feedback control is unstable at  very low frequencies. The 
obliths a re  static and very low frequnecy sensors, indicating average body angle with 
respect to the gravity vector. The otolith feedback loop, therefore, stabilizes the low 
frequency drift of the canals. The addition of visual feedback significantly improves 
the accuracy of low frequency correction, but does not lower the threshold for detection 
of body angle divergence. 
On the basis of the above, it is seen that substantial information relative to angu- 
lar velocity tolerance and its g-sensitivity as they affect neuromuscular feedback func- 
tion and i ts  postural manifestations can be accrued by conducting the experiment descri- 
bed under I-1.2a within a shortened time span. Condition 2 of I-1.2a (rigid platform, 
1. 
eyes closed) prov~des an immediate indication of hypogravitational otojith function, 
with an increase in reflex gain required to compensate for any deficiency in the otolith 
sense of vertical. The other postural control conditions provide data on higher center 
inputs to postural stability subsequent to canalicular habituation. 
The methodology of this experiment is closely patterned after 1-1. li (Taxis 3 Experiment), with the only change being the substitution of the above testing repetition 
for the FATB repetition a t  the appropriate g-levels. 
3 
The Subject's Pre-Test State and Activity ratings are  the same a s  for 1-1. l i ~ .  Total 
Time per subject per experiment is three days. When not overnight, Interval between 
repetition is approximately 1.5 hours. Time per Data Point is 0.012 hr. (3 days 
x 10  hrs. per day required for 9 x 288, o r  2592 total Number of Data Points per sub- 
ject per experiment. ) Ratings for Time Factors a re  the same as  for 1-1. li as  a re  
the ratings for the Measurement Environment. 3' 
Experiment Objective Attainment EPO ratings a r e  .the same a s  for 1-1. li3. Astro- 
naut Time per Data Point is 0.024 hr. Weight per Experiment is 26 lb. Volume per 
Experiment is 3.5 ft3. 
I-1.2b Human Transfer Function - The objective is to determine angular velocity 
t o l e r a n x ! l  its g -sensi tivity by measuring their effects on the human transfer function 
involved in performing a tracking task. 
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The Experimental Source Reference for this study definition is the AGC. The 
Measured Phenomenon is the subject's compensatory tracking performance as  indicated 
by the computer-generated record of the level of task difficult$ to which i t  adapts. 
The Large Circular Tracking Experiment (1-1. Id ) requires major head and arm 
excursions to produce interaction with the environmenta !l force field. In order to facili- 
tate the large tracking envelope required for this task, an electromechanical device in- 
volving a turntable and target i s  employed with a corresponding requirement for simpli- 
fication of task and performance output measurement. In contrast, a tracking task not 
requiring major head and/or arm excursions as part of i ts  test regimen can be imple- 
mented using a CRT display. This allows for several advantages, including a greater 
sophistication of task, a more complete monitoring of the subject's total tracking re- 
sponse, and the capability for incorporating an adaptive element into the tracking format. 
, (Adaptive tracking systems change their degree of difficulty automatically as  a function 
of how well they are being performed, thereby ensuring fit to the range of subject skill 
and increasing the reliability and sensitivity of the task relative to a fixed tracking 
system.) The human operator represents a control system element of complex and 
relatively m o w n  properties, and the effects of the artificial gravity stresses imposed 
on him compound the complexity and unpredictability of his control response. While the 
previous experiments discussed under the category of Angular Velocity Tolerance tend 
to focus on fundamental o r  relatively simple functional responses, information is re- 
quired on the total operator control function a s  an integrated unit of visual input, cogni- 
tive determination of appropriate response, and manual implementation. This is an 
appropriate situation to utilize the control engineering methodology of describing an un- 
known control system in terms of i ts input-output relations. Control engineers treat 
such items by describing the element's transfer function, that is, the Laplace trans- 
form of the ratio of its output to that of i ts  input. If the input selected is that of a well- 
designed tracking task, the determined transfer function will represent a fairly complete 
system-equalization checkout of the crewman. A CRT tracking task facilitates the com- 
puterized target inputs and output data collection required to support the calculation of a 
meaningful transfer function. 
The common-use equipments include a restraint chair, and a data management 
system that provides both stimulus control and data handling. Major Instruments o r  
Apparatus (experiment-peculiar) include the CRT and its associated electronics, the 
program control and test status signal lights, a single axis hand controller, and a 
supporting frame for integrating these items with the restraint chair. 
The Subject Pre-Test State is that of undergoing prolonged rotation and having 
demonstrated vestibular habituation to the immediate rotation/g-level environment as 
indicated by the preceding conduct of the more fundamental experiments described pre- 
viously. This experiment is conducted, therefore, subsequent to the repetitions of 
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the 1-1.1 (Vestibular) tests at each inertial level to determine if angular velocity intol- , 
erance is manifested more subtly than can be demonstrated by the 1-1.1 psycho- 1 physical and sensorimotor tests. The EPO ratings for this factor a re  the same as  
for the 1-1.1 tests. 1 
The Test Subject Activity requires that he perform five one-minute trials of an 
adaptive single-axis compensatory tracking task while seated in the restraint chair. In 
contrast to the Large Circular Tracking ~ask 'G pursuit requirement (the subject must 
attempt to keep the stylus head positioned on the moving target), this task is of a com- 
pensatory nature, requiring that the subject attempt to keep the target centered on the 
reticle against an input error-rate forcing function. The input function is generated by 
the data management system, which also adapts the difficulty of the task to maintain a 
constant level of performance by the test subject. The score, therefore, is a computer- 
generated record of the level of task difficulty adapted to, rather than the usual root mean 
square error .  Each repetition consists of five one-minute tracking trials separated 
by thirty-second rest  periods. A test status signal light indicates 'ready' five seconds 
before scoring is initiated to allow the subject time to grip the hand controller and con- 
centrate on control of the target. 'Start1 and 'stop' are  indicated by status lights, with 
the trial intervals being automatically programmed. E PO ratings for the Test Subject 
Activity factor are  the same as for all of the 1-1.1 canalicular tests. 1 
The test is performed at 24-hour intervals for each subject throughout Phases I1 
and 111 of the AGC mission profile, for a total time of 15 days. Based on a single trans- 
fer function determination for each repetition , calculated from an average output-input 
ratio for the five trials, the Number of Data Points per subject per experiment is 15. 
Total time per repetition is 35 minutes (15 minutes setup, 10 test, 10 cleanup), for a 
Time per Data Point of 0.58 hr. EPO ratings for Time Factors is the same as for 
the 1-1.1 tests. Measurement Environment discussion and EPO ratings are  the same 
a s  the I-t.ll tests and a re  detailed in 1-1. l a  1' 
The Experiment Objective Attainment EPO ratings a re  the same as  for 1-1. lal. 
Astronaut Time per Data Point is 1.16 hours. Weight per Experiment is 15 lb. 
Volume per Experiment is 0.8 ft? . 
I - 1 .  Human Transfer Function - The methodology of this experiment and its ration- 2 
ale are  analogous to the 1-1.1 canalicular tests. All ratings are the same a s  1-1. l a  2 2' 
I- L2b Human Transfer Function - The Experimental Source Reference is GDC. 3 
The methodology consists of combining the 1-1. l a  and I-1.2b procedures into a 3 1 
condensed inertial profile. After spinup to 2 rpm, the subject performs the 1-1. l a  3 procedure, at  the longest radius, in order to produce &d demonstrate complete vestibu- 
la r  habituation. He then performs one repetition of the CRT Tracking Test. The testing 
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radius is then reduced to the short radius and the two -headturn oculogyral illusion test 
repeated to determine if  there is any need for additional habituation headturns because 
of the change in g-level. If so, the headturn sequence is conducted until vestibular 
habituation is demonstrable by the two-turn 'sharpened1 OGY test. A repetition of the 
CRT Tracking Test is then conducted at that radius. All testing a t  each rpm level is 
completed within four hours, so that the rotation rate can be increased to four rpm in 
the afternoon and all testing at that rate completed by the end of the first day of testing. 
The second testing day repeats these procedures at 6 rpm and 8 rpm, respectively, 
with the entire program being followed during the subsequent two days as the rate is 
reduced in a stepwise manner. 
The subject Time per Data Point is unchanged from 1. 2bl. Number of Data Points 
per subject for the experiment is 14. Interval, when not overnight, is  approximately two 
hrs. EPO ratings on Time Factors and the Measurement Environment are the same a s  for 
1-1. la3. Experiment Objective Attainment EPO ratings are  the same as for 1-1. la3. 
1-1.20 Sleep Assessment - The objective is to determine angular velocity toler- 1 
ance and its g-sensitivity by measuring their effects on sleep patterns. 
The Experimental Source Reference for this study definition is the AGC. The 
Measured Phenomena are the characteristics of the sleep stat& as  indicated by subjec- 
tive evaluations and EEG, EOG, EMG and HWR information. 
\ 
The marked sensitivity of the central nervous system functions to environmental 
factors renders direct assessment of brain function. an important parameter in the evalua- 
tion of h e  tolerance of various artificial gravity states. The changes in sensory input due 
to hypogravitation and the physiological stresses of -the rotational environment may result 
in alterations of the normal sleep pattern, degrading the overall function of the crewman 
and/or requiring extension of the sleep phase of the diurnal cycle. Thus, this experiment 
involves an important interface with the habitability experiments. It also provides 
additional insight into the mechanisms of central nervous system activity. 
Sleep difficulties have been present on most U.S. and Russian spaceflights. These 
problems have taken the form of: 1) difficulty falling asleep during certain scheduled 
sleep periods of the mission; 2) restlessness, frequent awakening, and abnormal depth- 
time course of sleep; and 3) fatigue due to the above and mission demands. Recobrse 
has been made to pharmaceuticals both to induce sleep and to stimulate alertness in the 
face of fatigue due t~ sleep deprivation. The probable causes of the sleep difficulties 
include: 1) the unfamiliar environment for sleep; 2) arousal effects of responsibility 
and potential danger; 3) task demands of the missions ; '4) positive excitement inherent 
in'mission; 5) sleep-wakefulness schedules noncoincidental with astronauts usual ground 
schedules; and 6) disturbances due to non-simultaneous sleeping of crew. Earthbased 
research has shown that the primary effects of sleep deprivation are: 1) lapses, short 
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periods when performance stops o r  falters; 2) loss of speed in self-paced tasks; and 
3) loss of accuracy in work-paced tasks. Task aspects which tend to increase such im- 
pairment include: a) longer task duration; b) greater sign& and response uncertainty; 
c) less lmowledge of results, interest, and incentive; and d) greater monotony. 
While groundbas3d hypodynamic studies suggest that hypogravitation might be 
occasioned by a requirement for less sleep, and by a reduction in the REM phase of 
sleep (with the possible associated degradation in behavioral stability), the limited 
studies in space have not borne this out. Considered as a group, groundbased artificial 
gravity studies a r e  equivocal a s  to sleep effects, but in light of recent evidence' 
that the vestibular nuclei a re  the source of the REM associated with the possibly indis- 
posable 'paradoxical' sleep, some relationship might be expected. In this respect, 
some studies carried out at rotation rates as low as 1 to 2 rpm have demonstrated 
reductions in the depth of sleep, and at higher rpm levels there is some evidence that 
sleep improves as  habituation to environmental rotation improves. Due to the criticality 
of sleep to the total wellbeing of the crewman, spacebased experimentation must be per- 
formed to define sleep quality as a function of various combinations of rotation and g-level. 
Baylor University has pioneered the recording of EEG data from populations of astro - 
naut candidates and from astronauts in space flight. U C U  Space Biology Laboratory 
has pioneered psychophysiological test methods for evaluation of physiological monitor- 
ing systems in unrestrained subjects. Baseline data obtained from fifty astronaut can- 
didates have been analyzed in the UCLA Space Biology Laboratory. Parameters calcu- 
lated included auto- and cross-spectral density at  each scalp lead for individual subjects 
and for groups of subjects. Automated pattern recognition techniques applied to these 
data have successfully identified a range of states of consciousness with accuracy in 
excess of 90 percent for individual subjects. There is a close relationship between the 
electric brain waves recorded on the scalp and waves generated by individual nerve cells. 
There are  also fine correlates between patterns of surface brain waves and behavioral 
states. The EEG recording on Gemini VII is probably the most complete study yet made 
during orbital flight in terms of number of channels, length of recording, and variety of 
subject activity and states of consciousness. The equipment and procedures proposed 
for Skylab MI32 represent a dramatic improvement on their Gemini counterparts and 
are  the models for this experiment methodology. The EOG, cervical EMG and temporal 
pulse rate provide ancillary data that significantly improve the meaningfulness of the 
EEG traces. 
The common-use pieces of equipment include a Signal Conditioning Assembly con- 
taining post -amplifiers and pulse shaping circuitry a s  well as multiplexing networks to 
prepare signals for the tape recorder, and a Tape Recorder Assembly. Major Instru- 
ments or  Apparatus (experiment-peculiar) consists of a Cap Assembly. This is a cap 
containing 7 EEG electrodes, 2 EOG electrodes and 2 EMG electrodes a s  well a s  a rnicro- 
phone and a blood pressure transducer that provides a temporal pulse rate. The cap 
also contains signal preamplifiers to provide millivolt signal levels a t  low impedances. 
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The AGC protocol suggests that each subject be monitored for each sleep episode 
during Phase I1 and Phase 111. Each astronaut subject is monitored for two hours in the 
awake state just prior to the eight-hour sleep period. The required Subject Pre-Test 
State, is that of undergoing prolonged rotation but naive to each successive inertial 
environment characterized by a combination of rpm and g-level (radius). For EPO 
ratings for this factor, see test 1-1. l a  1' 
Test Subject Activity consists of applying and handling the electrode cap and 
checking the data acquisition system for proper function. In applying the cap assembly, 
i t  is necessary for the astronaut to activate the electrodes and place the cap on his head, 
both straightforward procedures. Monitoring the data acquisition system is done by an 
audio tone generator which produces a wobbling note when data is going onto the tape 
recorder, the subject being trained to recognize the tones associated with noise artifacts 
and loss of signal. This check is performed at the beginning and end of each recording 
session. All EPOs , except EPO 'a1 (which doesn't facilitate sleep and is rated un- 
acceptable), a re  rated excellent on this factor. 
The experiment Total Time is 15 days, and the Interval between repetitions is 
approximately 24 hours. As only five minutes are required to don and doff the cap 
assembly and only 10 minutes per day per subject is required for maintenance of the 
data acquisition system, the Time per Data Point is negligible. EPO ratings for 
Time Factors and Measurement Environment are the same as for Experiment 1-1. lal, 
The EPO a' rating for  Experiment Objective Attainment is unacceptable. EPOs : 
Ibr and Ic1 are rated poor as they provide only one radius for sleeping at each rpm, 
while Idf and 'el are rated as for 1-1. 2bl. Astronaut Time per Data Point is negli- 
gible. Weight per Experiment is 5 lbs. Volume per Experiment is 0. 08 ft3. 
1-1. 2e2 Sleep Assessment - This approach relates to 1-1. lel  in a manner analogous to 
that of 1-1. li2 to 1-1. lil, with the same improvement in Experiment Objective Attainment. 
1-1.3 Higher Mental Functions, Motion Sickness 
J-1. 31 Hivher Mental Functions - The objective is to determine angular velocily tol- 
erance and its g-sensitivity by measuring their effects on higher mental functions such a s  
attention, memory, vigilance and problem-solving. 
Some of the characteristic accompaniments of motion sickness are lassitude, drowsi- 
ness and general apathy toward the tasks a t  hand. These aspects manifest themselves 
early in motion sickness development and may persist and worsen i f  warranted by aggra- 
vating stresses. The early causation may be one, o r  a combination, of categorical sensory 
suppression mediated by the reticular formation, somnolence due to vestibular irradia- 
tion to the hypothalamus o r  an emotional rejection of the hostile environment. With the 
appearance of severe malaise or  frank sickness , hormonal and biochemical imbalance 
may play a significant role. While tasks involving appreciable motor activity may in 
themselves provide a central nervous system arousal sufficient to negate any perfor- 
mance decrement, cognitive tasks with a decreased motor element may be susceptible 
to such degradation. Collectively, groundbased perrotational study results a re  equivocal 
a s  to the effects of environmental rotation on higher mental functions. However, in some 
of the studies cognitive and perceptual-cognitive tasks have been degraded, and there is 
evidence that similar affects have occurred during manned space flights, associated 
with the motion sickness constituting the agravic syndrome. In any event, the vital 
importance of the cognitive functions requires that they be incorporated in any experi- 
mental battery employed to delimit the angular velocity tolerance envelope. 
The Experimental Source Reference for this study definition is the AGC. The 
Measured Phenomena are  the subject's state of central nervous system arousal and his 
performance level on each of four different psphomotor tasks involving attention, vigi- 
lance, short -term memory and problem solving. 
The common-use equipments include a restraint chair, and a data management 
system that provides both stimulus control and data handling. Major Instruments o r  
Apparatus (experiment-peculiar) include the CRT and its associahd electronics, the 
program control and test status signal lights, the RATER, two edgewise panel meters, 
response switches, and a supporting frame for integrating these items with the re- 
straint chair. 
The Subject Pre  -Test State is that of undergoing prolonged rotation and having 
completed an habituation headturn sequence in lieu of having completed the 1-1. lcl 
RATER Test with its required headturns in that particular rpm/g-level environment. 
The requirement is that the Higher Mental Function tests be conducted following a ses  - 
' sion of head movements with environmental rotation such that 
opportunity for nominal manifestation of motion sickness in that specific force environ- 
ment be maximized. The EPO ratings for this factor are  the same a s  for the 
1-1. l1 tests. 
The Test Subject Activity consists of applying and handling the electrode cap used 
in Experiment I -1 .2~ and performing the battery of four tasks during each experimental 
replication. The EEG recorded during the performance bf the tasks provides a physio- 
logic measure of central nervous system arousal. The four tasks making up the test 
battery a r e  the RATER task (operated in the delay mode to test short-term memory), 
the Perceptual Speed task (testing attention), the Time Sharing task (testing vigilance), 
and the Arithmetic task (testing problem-solving). The RATER is the same device 
used in Experiment 1-1. lc, with some modification in mode of operation. Instead of 
four colors being randomly displayed, four symbols (diamond, triangle, cross and 
circle) a re  displayed, without collimation. The auto-paced presentation mode is used, 
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with a delay mode operation superimposed. Whereas in Experiment 1-1. l c  the delay 
mode was zero (requiring that the subject respond to the color being displayed), in this 
experiment, a delay mode of 1,  2, 3, or4  is used (requiring that the subject respond to 
the geometric symbol shown 1, 2, 3, or 4 displays previously), placing a repetitive de- 
mand on the subjectvs short-term memory. In selecting the sensitivity range for testing 
of each subject, the auto-pace rate is slowed to allow maximization of the delay mode so 
that short-term memory is more heavily weighted than perceptual-motor skill. No head- 
turns are  involved in the test and the repetition consists of five 30-second trials separ- 
ated by four 30-second rest periods. Status lights signal 'readyf , 'startq and 'stopf for 
each trial. The Perceptual Speed task requires that the subject continuously monitor two 
horizontal edgewise panel meters (positioned left and right within approximately 60" of 
visual angle) a s  a series of readings are simultaneously presented on each. If the 
readings are the same, he presses a left-hand microswitch labeled ltS". If they are 
different, he presses a right-hand microswitch labeled "DM. If his choise is correct, 
the next readings are presented; if it is not correct, an error  is recorded and he must 
make the correct response. He is scored on the total time and total number of errors  
required to process 24 sets of readings. The Time Sharing task utilizes the same panel 
meters with a different format. This task requires that the subject monitor both meters 
continuously to detect the onset of pointer movement in one or the other. When move- 
ment occurs, the subject presses the corresponding microswitch (lefthand or  righthand). 
A timer begins when either pointer begins to move and stops when the correct switch is 
pressed. Score is accumulated response time required to process 24 events. The 
Arithmetic task requires that the subject solve a sequence of randomly-presented 
arithmetic problems. Each problem consists of two two - and/or three -digit numbers 
being displayed on the CRT with a sign indicated whether addition, subtraction, multi- 
plication o r  division is to be performed. The subject is supplied with pad and pen for 
calculation. When satisfied with the answer, the subject enters it using an alphanumeric 
keyboard, a t  which time the next problem is displayed on the CRT. Score is the total 
correct problems for a 15-minute repetition. EPO ratings are all excellent. 
The total time is 15 days, with an approximate 24-hour interval between a sub- 
ject's repetition. Excluding the EEG data (as time for setup and cleanup are insignificant 
relative to the number of data points produced), the total number of data points per 
repetition is six  RATER, ~/Ps,  ~ /Ts ,  and 1 /~)  for a total Number of Data Points 
per subject per experiment of 90. Time to perform one repetition is 1.2 hours, 
requiring a Time per Data Point of 0.20 hours, EPO ratings for Time Factors and 
Measurement Environment are the same as  for 1-1. l a  1' 
The Experiment Objective Attainment E PO ratings are  the same as  for Experiment 
1-1. l a  Astronaut Time per Data Point is 0.40 hour$. Weight per Experiment is 1' 23 Ibs . Volume per Experiment is 1.2 ft 3. 
1-1. 32 Higher Mental Functions - This approach relates to 1-1. 31 in a manner 
 
analogous to that of 1-1. la2  to 1-1. lal ,  with the same improvement in Experiment 
Objective Attainment. 
1-1. 33 Higher Mental Functions - The Experimental Source Reference is GDC. 
The method cons is ts of combining 1-1.3 with 1-1. la3 (the Oculogyral Illusion 
Experiment) into a time-reduced inertial profile. At each rpm/g-level, the 1-1. la3 
repetition is immediately followed by a repetition of 1-1. 3, ; then after a rest  period 
(or overnight), the same sequence of testing is repeated at the next rpm/g-level in fhe 
inertial profile. Three such sequences (two on the last test day) are  performed each 
day: at 2 rprn (at the long, then at the short radius) and 4 rprn (at the long radius) the 
first  day; at 4 (short radius), 6 and 6 rprn the second day; 8, 8 and 6 rprn the third day; 
at 6, 4 and 4 rprn the fourth day, and 2 and 2 rprn the last. At any rpm, the testing is 
always performed at the long radius first. Ratings on Subject Pre-Test State and Test 
Subject Activity are  the same as for 1-1. 31. 
TheTotal Time is approximately 4.5 days, with each complete repetition (OGY plus 
Higher Mental Functions) being initiated at approximately 3-hour intervals (when not 
overnight). Number of Data Points is 144. Time Per Data Point is 0.20 hour (excluding 
EEG since time per data point is insignificant). Ratings on Time Factors and Measure- 
ment Environment is the same as for 1-1. 31. Experiment Objective Attainment is the 
same as 1-1. lag. Astronaut Time per Data Point is 0.40 hours. 
1-2.0 Tolerance to Rapid Change in Rotation - One means of isolating docking 
facilities, scientific zero-g experiments, and target pointing modules from rotating 
crew-living-quarter s is to provide future space vehicles with both a nonrotating 
and a rotating section. An important sequence of this configuration is that the crew 
would be required to transfer frequently from the rotating to the nonrotating environ- 
ment and back again if they are to benefit from exposure to artificial gravity, and still 
be able to carry out their experimental and operational tasks in zero-g. Depending up- 
on the hub constraints, the inertial transition might be effected by rotating the hub into 
and out of synchrony with the artificial gravity volume (passive execution), or  the hub 
kept space-fixed (in zero-g) and the trans ition effected either by crew locomotion (ac- 
tive execution) or by use of an intermediary variable-rotating device (passive execu- 
tion), These operational considerations raise pertinent questions that must be an- 
swered prior to the initial artificial gravity station design. The problem areas involved, 
whether execution is passive o r  active, may be categorized as to their phase of occur- 
rence: (1) Transfer Phase - the immediate problems of effecting the physical transfer 
across the inertial interface, (2) Zero-g Phase - crew function problems in the nonro- 
tating environment that may be related to prior rotational habituation, and (3) Artificial- 
g Phase - crew function problems in the rotating environment following return from a 
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zero-g volume and related to loss of perrotational habituation. Nearly all  of the large 
number of ground based rotationd studies that have been performed have been concerned 
to some degree with the psychophysiologic effects of activities' in either the nonrotating 
and/or rotating environmental mode following graduated (non-square wave) passive 
transition from one mode to the other. Only one study, a pilot experiment recently 
performed at GDC, involved square-wave inertial transfers (subjects locomoting 
abruptly across the interface separating rotating and non-rotating volumes). Based 
upon these groundbased studies, certain relationships are  identifiable. One is that the 
magnitude of the effects for the nominal subject tend to be directly related to three fac- 
tors: (1) intensity (Aw) of the inertial change, (2) duration of habituation to the preced- 
ing mode, and (3 ) rate of transfer across the interface. However, other relationships 
demonstrated in groundbased studies are  in conflict with these observations. It has 
been convincingly shown that if sufficient perrotational habituation occurs, e. g. , by the 
requirement that sequences of repetitive orthogonal headturns be performed, that rapid 
transitions from high rates of rotation to non-rotation can be effected with only trivial 
and sometimes nil untoward vestibulogenic responses. This is not true of the non- 
vestibular proprioceptive responses, which tend to be cons is tently inappropriate follow- 
ing transition as a direct function of the magnitude and duration of the previous environ- 
mental interaction. It is seen, therefore, that groundbased studies indicate that per- 
sonnel functional decrements may occur following inertial trans ition, persisting until 
sufficient environmental interaction occurs to promote satisfactory habituation. Also, 
all the results of ground based studies are contaminated by the geogravitational arti- 
fact. Therefore, spacebased research on inertial transition effects is required to 
determine the degree to which analogous groundbased study can be used as a basis for 
manned artificial gravity design and operation. Not only the relative changes in astro- 
naut effectiveness as a function of transition must be determined but also the duration 
and rate of recovery from any decrements in crew capability so  that realistic time 
lines for performance of tasks can be established, 
1-2. l1 Tolerance to Rapid Changes in Rotation (Passively-executed) - The objective 
is to determine the crew tolerance limits for rapid, passively-executed changes in ro- 
tation rate as a function of both the magnitude and the frequency of change. 
The Experimental Source Reference for this experiment definition is the AGC. The 
most critical aspects of inertial transition will be the resultant level of both vestibular 
and non-vestibular habituation to the post-transfer environment: Will the subject be 
ataxic to a degree affecting his ability to locomote o r  otherwise be effectively mobile 
following transition? Having translated to a work station, will the subject be fully 
capable of performing a display/control task requiring headmovement and/or reach 
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accuracy ? What will be the level of vestibular habituation to the posttransfer environ- 
ment, with all this implies from a functional standpoint? Considering these as implying 
functional criteria, the Measured Phenomena for this experiment a re  the subject's 
response levels in a whole-body mobility task, in a perceptual-motor task requiring 
head movements and reach accuracy, and in a task to determine the degree of vestibulo- 
ocular habituation. 
The common-use pieces of equipment involved a re  a restraint chair, the subject's 
pressure-suit, a voice log, 2 video cameras and a data management system. Major 
Instruments o r  Apparatus (experiment-peculiar) include the equipment for the FATB 
task Experiment 1-1. li the equipment for the Experiment 1-1.3 RATER task (modi- 1' fied to facilitate deployment of the response buttons so as to require a reach envelope of 
85"), and the equipment for the Experiment 1-1. la  combined O ~ ~ / ~ a b i t u a t i o n  task. 3 
The Subject Pre-Test State, as  implied for the inertial transition experiment in 
Phase VI of the AGC mission profile, is complete habituation to nominal rotation by 
having undergone nearly two months of continuous rotation at  various rates including 
42 days of 0.5 g at  maximum radius. Ratings for 'this factor are  an unacceptable for 
EPO 'a' due to unfeasibility of maintaining a habitable environment for an extended 
length of time, fair for E POs 'b ' and 'c ' (although habitability can be maintained indef- 
initely by using a brief logistic stop every twelve hours, two months in the social 
isolation and limited volume raise questions as  to the validity of the test data) and ex- 
cellent for EPOs 'd' and 'e '. 
The Test Subject Activity consists of performing a complete o r  shortened (depen- 
ding upon the frequency of transition) testing sequence immediately after the execution 
of the inertial transition. The complete testing sequence,performed in the following 
order, consists of the 1-1. l a  sharpened (two-headturn) OGY, the 1-1. li  FATB (in null 
gravity replaced by the timed donning and doffing of the subject's pressure suit), the 
modified 1-1.3 RATER task, and the 1-1. l a  combined habituation headturn sequence 3 
and sharpened OGY. The shortened testing sequence consists only of the sharpened 
OGY, a modified FATB (in null g, a modified donning/doffing test), the habituation head- 
turn sequence, and a final sharpened OGY. On Day 1 of Phase VI, subject performs the 
complete sequence a t  maximum radius and 3 rpm, then moves directly to the hub where 
he is counterrotated to null g within a few minutes. He then performs a repetition - 
of the complete testing sequence (substituting the pressure-suit donning and doffing ex- 
ercise for  the FATB because of null g). The hub is then synchronized with the rotating 
station and the subject proceeds to the maximum (64-feet) radius again and performs a 
second repetition of the complete testing sequence. The transition cycle is repeated 
once more, with two more testing repititions, one at  null g and a final repetition at 
64 feet and 3 rpm. The mobility tests (FA TB and donning/doffing) a re  video-taped 
simultaneously from two orthogonal axes. Anecdotal comments by the Subject a re  voice- 
logged. Lf the Subject reaches a RIoterate Malaise A level of acute motion sickness 
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(cf 1-1. l j  diagnostic table) at  any time during the procedure, further testing is post- 
poned unth distress has subsided to the next level. On Day 2 of Phase VI, the subject 
performs five transition cycles, with the shortened testing sequence being used because 
of the time constraints. (The modified FATB consists of 3 trials each of standing- EO 
and EC , and walking - EO and EC . The donning/doffing procedure is shortened. ) The 
shortened testing sequence is performed eleven times, five in zero g and six at 64-ft. 
and 3 rpm. The entire two-day procedure is then repeated at 5 and 6 rpm, on Days 3 
and 4 and Days 5 and 6, respectively. EPO ratings for this factor include an unaccep- 
table for EPO 'a1 (no supporting floor for testing) and EPO 'dl (no counterrotating 
crew space and repetitive spindown and up of entire vehicle is unfeasible because of 
fuel constraints). EPOs 'b ', 'c' and 'el are rated excellent (first two can be cycled 
down and up and latter has counterrotating volume). 
Total Time of experiment is six days. Since effect on subject function is con- 
sidered in the largest sense to be a function of the total diurnal schedule of inertial 
transitions, interval is considered to be 24 hours, the period between start  of daily 
testing schedules. The average number of data points per testing day (not including 
subjective and video-taped information) is 161. Average testing day is 8.8 hours for 
a Time per Data Point of 0.055 hours. Total Number of Data Points per subject per 
experiment is 966. EPO ratings for this factor are unacceptable for EPO 'a1 
(can't maintain habitability for that length of time) and good for EPOs 'b' and 'c' 
(only require two logistic stops each 24 hours). EPOs 'dl and 'e ' are rated excellent. 
The g-level Range designated by the AGC is from 0.2  to 0.7. While the G-Level 
is not a s  critical a factor in this experiment a s  the angular velocity, the short radius 
of EPOS 'a', 'b', and 'c' are  such that at  spin rates of 3 through 6 rpm, the g-level 
at the subject's s. g. is less than 0.1, invalidating the data from the FATB. These 
E POs are rated poor on g-level. EPO 'dl is rated fair and 'e' excellent following 
the same reasoning. G-Gradient Ratio ratings and discussion are the same as for 
1 1 .  l a  The rpm required by the AGC report are 3, 5 and 6. EPOs 'a', 'b', and 1' 
'cl are rated excellent on rpm, 'd ' good (can provide up to 5.2 rpm), and 'e' fair (can 
only provide 4 rpm) . An Angular Acceleration of 0.01 radians/sec for passive trans - 
ition is satisfactory and well within the capability of EPOs 'a1, 'b', 'c' , and 'e', 
which consequently are  rated excellent. E PO Id1, without counterrotation, rates un- 
acceptable. For Experiment Objective Attainment, EPO 'a' is rated unacceptable 
because of impossibility of maintaining a subject for the required length of time. 
EPOs 'b' and 'c ' are rated fair (they are excellent a s  to rpm provision, but poor on 
G-&eve1 and only fair on habitability for the two months required by the AGC. EPO 
'dl is rated unacceptable a s  it provides no counterrotating device. EPO 'e' is rated 
good (it is excellent on habitability and g-level, fair on rpm and does have a counter- 
rotating device. ). Astronaut Time per Data Point is 0.11 hours. Weight per Experi- 
ment is 20 lbs. Volume per Experiment is 5.5 ft3. 
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1-2.1 Tolerance to Rapid Changes in Rotation (Passively -executed) - The Experimental 3 Source Reference for this study definition is GDC. The Measured Phenomena for this 
experiment methodology are  the same a s  for 1-2.1 The method used is predicated on 1' 
the groundbased evidence that an accelerated habituation procedure employing repetitive 
orthogonal headturns provides a psychophysiologic adjustment to an inertial environ - 
ment comparable to an order of magnitude o r  more of time spent in random interaction 
with the same environment. Absence, in the following method, of analogous non- 
vestibular proprioception exercises to speed adjustment is probably of lesser impor- 
tance since use of qualitatively different mode of gross mobility in zero-g would be 
unlikely to severely alter subject's ability to locomote in artificial gravity following - 
inertial transition cycle. 
The methodology is the same a s  1-2.1 except for changes in the time-distribution 1 
of rotational exposure. From zero g, subject is spun up to 2 rpm, where he performs 
two complete testing sequences a s  described in 1-2.1 (The only difference being 1' deletions of the mobility tests). Spin rate is then increased to 3 rpm, subject perfor- 
ming two complete sequences at that rate. After spending the night at 3 rpm, subject 
spends the next six days in an identical fashion to the six test days described in 1-2.1 
being tested at 3, 5 and 6 rpm with frequencies of two and five inertial transition cyc e s  
per day. 
11' 
The Subject's Pre-Test State is NA. The Test Subject Activity is described above. 
Ratings a re  unacceptable for EPO Id' and excellent for the other EPOs. 
Total Time is seven days. Interval is 24 hours. The average number of data 
points per testing day is 138 (baseline information accrued on Day 1 is not included). 
Average testing day is 8.8 hours, for a Time per Data Point of 0.064 hours. Total 
Number of Data Points per subject per experiment is 966. EPO ratings for this factor 
a re  unacceptable for EPO 'at ,  and good for EPOs 'bt and 'c', and excellent for 
EPOs Id' and 'e'. Measurement Environment ratings are the same a s  for 1-2.1 1' 
Considering Experiment Objective Attainment: EPO 'a' is rated unacceptable. 
EPOs 'b' and 'c' are rated good (1-2.1 habitability penalty not germane to 1-2.1 ). 1 3 EPOs 'd' and 'e ' are unacceptable on a power penalty basis. Astronaut Time per 
Data Point is 0.128 hours. 
1-2.2 Tolerance to Rapid Changes in Rotation (Actively-executed) - The objective is 1 to determine the crew tolerance limits for rapid actively-executed changes in rotation 
rate as  a function of both magnitude and frequency of the change. 
The Experimental Source Reference for this study definition is the AGC. The 
Measured Phenomena are  the same as for 1-2.1 As discussed in the 1-2. l1 text, 1' 
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an active inertial transition effected by crew locomotion is one of the primary 
options to be considered in the design and operation of space vehicles incorporating 
rotating and nonrotating (space -fixed) volumes simultaneously.. Almost no groundbased 
research has been dedicated to the study of such an operation and its effects on post- 
transfer crew function. The only known study, a pilot investigation conducted at GDC 
involving two subjects and a single spin rate of 2 rpm, supports suggestions that such 
operations a t  higher spin rates might be significantly disturbing to psychophysiologic 
function. At any rate, not only additional groundbased study, but also substantial space- 
based research, is required to define the effects on crew function of such abrupt changes 
in inertial environment. This experiment is identical to 1-2.1 with the exception that 1' 
the inertial transition is actively executed by the subject locomoting across the interface 
between the two inertial volumes rather than being passively spunup and spundown rela- 
tive to space -fixed coordinates. 
Changes relative to 1-2. l1 Test Subject Activity consist of the subject locomoting 
across the inertial interface, with videocameras taping orthogonal views of the transi- 
tion being performed. Ratings for this factor are unacceptable for EPOs t a t ,  ' c t  and 
'd (none of the three allow active trans ition) and excellent for EPOs b and l e t  (both 
facilitate active transition). Time Factors are identical to 1-2. 11, as are the Measure- 
ment Environment (with the exception that angular acceleration is NA). Experiment Ob- 
jective Attainment: E POs a t  , c ' , and d are unacceptable (none facilitate active 
transition). EPOs b ' and ' c  are the same as for 1-2. ll. 
1-2. Z3 Tolerance to Rapid Changes in Rotation (actively-executed) - Relates in 
all respects to 1-2. 21 as 1-2. l3 does to 1-2. ll. 
1-3. 0 Effects of Partial Gravitv on Bodv Function 
1-3.1 Cardiovascular Svstem 
I-3.la(l) Electrocardiogram - The objective is to determine changes in the ac- 
tivities of the heart as a function of prolonged exposure to partial gravity by recording the 
scalar sum of the action potentials of the myocardium as a function of time. The Experi- 
mental Source Reference for this study definition is the AGC. The measured phenomenon 
is the time-rate of fluctuations of the scalar sum of the action potentials of the myocardial 
fibers as transmitted to the surface of the body by the body fluids acting as a volume con- 
ductor. 
Evidences of cardiovascular deconditioning have been observed in post flight tests 
on most American and Soviet space crew-men. The deconditioning is manifested pri- 
marily as a reduction in orthostatic tolerance during provocative testing by either 
lower body negative pressure (LBNP) and/or passive vertical tilting, In addition, 
decrements in exercise tolerance have been noted, probably of cardiovascular origin. 
a s  well as decreases in plasma volume. Most of the observed changes were anticipated 
from water immersion and recumbency simulations of weightlessness in normogravity 
and can generally be explained on a physiological basis. However, in up to 42 days of 
bedrest, 7 days of complete water immersion, and 14 days of weightlessness, the 
electrical activity of the heart has remained within a normal range. Prolonged weight- 
lessness o r  even partial gravity may, nevertheless, produce changes in the cardiovascu- 
lar  system that are  prejudicial to the well-being of the crewman either while in space 
and/or upon return to terrestrial life. The electrocardiogram (ECG) may be one way 
of detecting these changes. No actual groundbased research can duplicate zero- o r  
hypogravity, therefore research in space is required. It is assumed by a large number 
of researchers in the field of cardiovascular physiology that anything less than one g is 
an abnormal condition and therefore stressful. The fact may be instead that it is a 
situation of minimal stress. It should be noted that so far  the extrapolations from posi- 
tive and negative g groundbased experiments to the zero g condition have not been 
reliable. It is essential, therefore, that in addition to the collection and collation of 
cardiovascular data from astronauts in the weightless state, that the same parameters 
be studied during partial gravity. The correlation of cardiovascular responses of 
the same individuals to extended exposures to zero and partial g, as  well as  1 g, will 
not only provide basic scientific information, but will support reliable estimates of the 
chronic level of artificial gravity required to prevent significant cardiovascular de- 
conditioning . 
Common-use equipment include restraint couch used in litter position and data 
management system with provision for conversion of analogue signal to digital storage. 
Major Instruments o r  Apparatus (experiment-peculiar) include dual two-lead ECG bio- 
electrodes with signal conditioners. One set of Trans-Thoracic electrodes is attached 
in the subject's mid-auxiliary plane, the other in his mid-sagittal plane. 
The Subject Pre-Test State is perrotational habituation but lack of habituation to 
a partial gravity characterized by no more than two hours of each twenty-four a t  other 
than 0.4 to 0.6 g. EPO ratings for this factor a re  identical to Experiment 1-1. la  1' The Test Subject Activity is entirely passive. He remains recumbent while technician 
attaches electrodes and records ECG. EPOS 'a1, 'bl and 'cl are  spun down to allow 
ECG to be taken. EPO ratings for suljjecf activity a r e  all excellent. ' 
Total Time of experiment is 42 days. The ECG must be recorded not less than 
every time the LBNP experiment is conducted (14 times during the 42-day duration), 
for an Interval of 3 days. Because of the amount of diagnostic information inherent 
in the ECG, the Time per Data Point is negligible (total repetition time is 0.5 hour). 
Total Number of Data Points per subject per experiment is not fixed. EPO ratings 
for this factor a re  the same a s  Experiment 1-1. lal  
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The AGC Measurement Environment requires from 0.4 to 0.6 g for at  least 22 
hours of each day. Ratings for this factor are excellent for EPOs 'a1, 'b', 'c', and 
'el, and fair for EPO 'd' (can provide 0.3  g). G-Gradient Ratio ratings and discus- 
sion are essentially the same as for 1-1. l a  The rpm requirements are implied by 1' 
the AGC to be in the nominal range of approximately 4.5 to 5.5. However, the chronic 
G-Level is of primary importance in this experiment, with the rpm requixed to pro- 
duce it of secondary concern as  long as  it is a rate to which normal subjects can habit- 
uate. On this basis, EPOs 'a', 'b' , and 'c ' are rated poor on the rpm factor (14.6 
rpm is required to produce 0.4 g at standing subject's c.g., yet is a spin rate subjects 
should be able to habituate to, based on groundbased data). EPO 'd' and 'el a re  
rated excellent. Angular Acceleration is not applicable. 
Experiment Objective Attainment: EPO 'a' is unacceptable because i t  cannot 
provide a habitable environment for the required length of time. EPOs 'b' and 'c ' 
are rated fair because of habitability limitations and the high rpm required. Spindown 
for instrumenting and recording of ECG is not considered a significant artifact. EPO 
'd' rated good and EPO 'e' excellent. Astronaut Time per Data Point is negligible. 
Weight per Experiment is 0.2 lbs. Volume per Experiment is 0.01 ft3. 
I-3.la(2)1 Vectorcardiogram (VCG) - The objective is to determine changes in the L 
activities of the heart a s  a function of prolonged exposure to partial gravity by record- 
ing the vector sum of the action potentials of the myocardium a s  a function of time. 
The Experimental Source Reference for this study definition is the AGC. The Measured 
Phenomenon is the time-rate of change of the vector sum of the action potentials of the 
myocardial fibers a s  projected onto the surface of the body at the sites of the applied 
electrodes. 
The same discussion and justification for Experiment I-3.la(l)l (ECG) applies to 
the VCG experiment, with the latter providing some functional information not readily 
apparent in the ECG. Much of the previous ECG Experiment discussion is identical to 
the VCG's. Only those factors that are different a re  discussed below. 
Major Instruments o r  Apparatus (Experiment-peculiar) - The VCG measurement 
system consists of an electrode harness assembly (with eight electrodes), a Frank VCG 
resistor network, an automatic calibration system, and three ECG signal conditioners. 
The Frank lead network is used to minimize the number of electrodes required, con- 
sistent with operating stability and reduction of noise and motion artifact. Five electrodes 
are  arranged in a transverse plane a t  the axillary midline on the left and right lateral 
chest, sternum, back and the left anterior chest wall, respectively. A sixth electrode 
is placed at the back of the neck and the seventh at the mid-posterior waistline. A 
common electrode is normally used on the right anterior chest wall. EPOs 'a', 'b' 
and 'c' must be spundown to allow measurement to be conducted,as with the ECG. 
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Time Factors: AGC requirement is for a VCG on each subject three times during 
the 42-day Phase IV, for an Interval of approximately 20 days. One hour is required 
for setup, conduct and cleanup. Weight per Experiment i s  5.2 lbs. Volume per Experi- 
ment is 1.08 ft3. 
1-3. lbl Blood Pressure (BP) - The objective is to determine changes in cardiovas- 
cular response as  a function of prolonged exposure to partial gravity by recording the 
indirect blood pressure. The Experimental Source Reference for this study definition 
is the AGC. The Measured Phenomena are  the systolic and diastolic blood pressures 
as measured indirectly from the brachial artery by using the Riva-Rocci principle, 
which requires simultaneous acquisition of the pressure inside the sphygmomanometer 
cuff and the state of the arterial blood flow underneath o r  distal to this cuff. 
Maintenance of perfusion depends upon sophisticated and complex integration of 
the CNS reflexes, circulating blood volume, cardiac stroke output, and local vascular 
factors. The end result - arterial blood pressure - is one of the most valuable and 
reliable physiologic measurements. During exposure of the subject to LBNP , fre - 
quent BP determinations are required for safety a s  well as experiment data. The same 
discussion and justification for Experiment I-3.la(l) (ECG) applies to the BP Experiment. 
Much of the ECG discussion is identical to the BPfs. Only those factors involving differ- 
ences are  discussed below. 
Major Instruments or  Apparatus (Experiment-peculiar) : A Blood Pressure A ssem- 
bly that provides an automatic blood pressure measuring system consisting of a pressure 
cuff, microphone, signal conditioners and programming unit to automatically inflate the 
cuffs during blood pressure test. 
As with the ECG, BP must be recorded during each LBNP repetition, 14 times 
during the 42-day Phase IV duration for an Interval of 3 days. Each blood pressure test 
consists of 50 determinations, two every minute for the 25 minutes (including 5 minutes 
each of baseline and recovery) that the LBNP is conducted. Each determination pro- 
vides three data points (systolic, diastolic and pulse pressures) for a total for each 
repetition of 150 data points. Total time for a repetition! is 35 minutes (5 min. setup, 
25 minutes test and 5 minutes cleanup). Time per Data Point is 0.004 hour. Total 
Number of Data Points per subject per experiment is 14 x 150 or  2100. Astronaut Time 
per Data Point is 0.1 hour. Weight per Experiment is 0.5 lb. 
1-3. l c  Plethysmogram - The objective is to determine changes in cardiovascular 
response as a function of prolonged exposure to partial gravity by recording leg plethysmo- 
grams while subject is being stressed with LBNP. The Experiment Source Reference for 
this study definition is the AGC. The Measured Phenomenon is the per cent change in 
leg volume during exposure to LBNP. Essentially the same discussion and justification 
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for the previous cardiovascular experiments considered apply to this experiment. 
One of the manifestations of the orthostatic intolerance that has repeatedly been 
demonstrated following extended exposures to weightlessness o r  i ts physiologic analogues 
is the pooling of the body fluids in the dependent extremeties upon exposure to vertical 
posture o r  to LBNP, which tends to produce the cardiovascular stress of orthostasis. 
The change in the girth, o r  volume, of the lower limbs, therefore, provides an impor- 
tant criterion of the physiologic response of the cardiovascular system to such stress, 
and, consequently, its state of decondition relative to normogravitational existence. 
Much of the previous cardiovascular experiments' definitions and analyses are identical 
to this experiment's. Only those factors involving differences are discussed below. 
Major Instruments o r  Apparatus (Expe riment-peculiar) : Two cage capacitance 
plethysmographs for the measurement of per cent change in leg volume. They provide 
continuous analogue signals during the five-minute baseline pbase, the 15-minute LBNP 
phase, and the final five -minute recovery phase. 
As with the ECG, leg plethysmograms are recorded continuously during each 
LBNP determination, including the baseline and recovery periods. Each LBNP deter - 
mination has four plethysmographic data points associated with it (right and left leg 
volume changes relative to baseline during LBNP and during recovery). Leg plethysmo- 
grams are repeated 14 times during the 42-day Phase IV duration for an Interval of 3 
days. Total time for a .repetition is 35 minutes (5 minr'setup, 25 test, and 5 cleanup). 
Time per Data Point is 0.15 hour. Total Number of Data Points per subject per experi- 
ment is 14 x 4, o r  56. Astronaut Time per Data Point is 0.30 hour. Weight per Ex- 
periment is 0.3 lb. Volume per Experiment is 1.0 ft3. 
1-3. ld  Cardiac Output 1CO) - The objective is to determine changes in cardiovascu- 
lar response as a function of prolonged exposure to partial gravity by recording cardiac 
output. The ~xper imentk  Source Reference for this study definition is the AGC. The 
Measured Phenomenon is the amount of blood ejected by one ventricle of the heart over 
the period of one minute. 
E'ssentially the same discussion and justification for the previous cardiovascular 
experiments considered apply to this experiment. It is important both from a scientific 
as  well as  prophylactic perspective to attempt to isolate those aspects of cardiovascular 
deconditioning due to reduced vascular reactivity from those due to decrements in cardiac 
function. The i latter would be suggested by alterations in cardiac output under controlled 
conditions. Much of the previous cardiovascular experiments' definitions and analyses 
are identical to this experiment's. Only those factors involving differences are discussed 
below. 
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Major Instruments or  A paratus (Experiment-peculiar) is an impedance cardiograph, 
measuring thoracic impedance to a constant RMS current of 6 ma at 122 kc as sensed 
by an outer set of a four-electrode system. Its biphasic analogue waveform is converted 
in data management to digital cardiac output for CRT display, hard copy o r  magnetic 
tape storage as required. The test subject activity consists of a passive role. Impedance 
cardiography uses Kubicekls method, equating changing parallel resistive impedances 
within the thoracic volume conductor, in response to imposed radio frequency signals, with 
changes in thoracic pulsatile blood flow. The method is noninvasive. Electrodes a re  
placed around the ned and around the body below the heart are  excited with high-frequency 
current. Changes in impedance are measured and directly related to cardiac output. 
Cardiac Output is determined at  regular intervals at  a frequency of twice-weekly 
throughout the 42-day period. The test interval, therefore, is approximately 3.5 days. 
There is one data point (liters/min of output) per repetition. Total Number of Data Points 
is twelve. Total time per reptition is 25 minutes (10 setup, 10 test, and 5 minutes 
cleanup). Time per Data Point is 0.42 hour. Astronaut Time per Data Point is 0.84 hour. 
3 Weight per Equipment is 0.8 lb. Volume per Experiment is 0.4 ft . 
1-3. l e l  Heart Rate (HR) - The objective is to determine changes in cardiovascular 
response as  a function of prolonged exposure to partial gravity by recording the heart 
rate under controlled conditions. The Experimental Source Reference for this study 
definition is the AGC . The Measured Phenomenon is the number of heart beats per unit 
time, derived from a data management analysis of the number of ECG R waves per unit 
time. Essentially the same discussion and justification for the previous cardiovascular 
experiments considered apply to this experiment. 
Changes in heart rate as  the result of various activities, as  well as its recovery 
rate following these stresses,  provide an indication of the vagal cholinergic and/or 
syrnpatho-inhibitory counter regulatory power of the cardiovascular system, and thus 
give a sensitive and accurate indication of an individual's cardiovascular reserve under 
stressful conditions. For example, heart rate responses a re  a prime indicator of cardio- 
vascular responses to the decreased circulating blood volume resulting from pooling of 
blood in the lower extremities during orthostatic s t ress  o r  the application of LBNP. The 
heart rate is electronically derived from the ECG. Real-time visual displays of heart 
rate, as well as blood pressure, a re  required to guide the examiner as to the cardio- 
vascular status of the subject throughout the determination of the LBNP response, so 
as to ensure the safety of the procedure. Much of the previous cardiovascular experiments1 
discussions are identical to this experiment's. Only those factors involving differences 
are  discussed below. 
The Major Instruments and Apparatus a re  common with those of Exper- 
iment I-3.la(l) ECG). The ECGR wave is detected by the data management system. 
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provides a digital cardiotachometric readout on an essentially continuous basis. 
Total Time of experiment duration is 42 days. As with the ECG, HR must be 
recorded not less than during every LBNP determination, giving an Interval of 3 days. 
, Total time for repetition is 35 minutes (5 min setup, 25 test, and 5 cleanup). Assum- 
ming a digital printout of HR every 15 seconds, number of data points per repetition 
is 100. Time per Data Point is 0.006 hour. Total Number of Data Points per subject 
per Experiment is 1400. Astronaut Time per Data Point is 0.012 hr. Weight per 
Experiment is 0.3 .lb. Volume per Experiment is 1.0 ft 3. 
1-3. If] Peripheral Vasconstriction -The objective is to determine changes in 
cardiovascular response as a function of prolonged exposure to partial gravity by mea- 
suring peripheral vasomotor function. The Experimental Source Reference for this study 
. definition is the AGC. The Measured Phenomena are  the changes in volume of a limb per 
unit change in intravascular pressure, the limb volume changes being measured using 
plethysmography and the intravascular pressure being measured using sphygmomano - 
metry. Much of the same discussion and justification for the previous cardiovascular 
experiments considered apply to this experiment. 
Cardiovascular deconditioning due to prolonged exposure to partial gravity may be 
manifested in decreased vascular tone. By measuring changes in limb volume distal to 
a slowly inflated occlusive cuff, quantitative indications of first , venous compliance and 
then, arteriolar reactivity will be produced. Expression of limb volume changes, as  
measured by the plethysrnograph per unit change in vascular pressure a s  measured by 
the sphygmomanome tric cuff pressure, will provide an index of vasomotor response 
that will allow isolation of i ts  deconditioning from those effects sustained by other func- 
tional aspects of the cardiovascular system. Much of the previous cardiovascular 
experiments l discussions a re  identical to this experiment's. Only those factors involving 
differences are  discussed below. 
Major Tnstruments o r  Apparatus a re  shared with other experiments. The sphygmo- 
manometer used in the Blood Pressure Experiment and the cage capacitance limb plethy- 
smograph used in the Plethysmography Experiment a re  used in this study. Pressure cuff 
is programmed to slowly occlude circulation to the limb while the change in limb volume 
ayld cuff pressures a re  simultaneously recorded by the data magement system. Each 
repitition consists of the procedure being conducted on one arm and one leg. The Subject 
Activity consists of his being subjected to limb plethysmography (first an a rm and then a 
leg) while the lirnbls circulation is slowly occluded using an automated pressure cuff. 
Limb volume response with venous occlusion provides an index of venous compliance, limb 
volome response with arteriolar occulsion provides an index of arteriolar reactivity. 
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The Total Time of the experiment duration if 42 days. The experiment is repeated 
twice a week, providing an Interval of 3.5  days between repetitions. Total data points per 
repetition are 4, with the Total Number of Data Points per subject per experiment equal 
to 48. Time per repetition is 40 minutes (each limb requires 10 setup, 5 test ,  5 cleanup) 
for a Time per Data Point of 0.056 hr. Astronaut Time per Data per Data Point is 0.112 
hr. Weight per Experiment is  5.3 lbs. Volume per Experiment is 1.5 ft. 
I-3.1ffl Blood Analvsis - The Objective is to determine changes in the chemistry 
and hematologic characteristics of the blood a s  a function of prolonged exposure to 
partial gravity. 
The Experimental Source Reference for this study definition is the AGC. The 
Measured Phenomena are  a number of chemical and hemotologic characteristics of 
the blood that provide indices of several of the vital functions of the body that may be 
affected by prolonged exposure to partial gravity. Much of the same discussion and 
justification for the previous cardiovascular experiments considered apply to this 
experiment. 
There have been numerous predictions that prolonged exgosure to hypogravita- 
tion would cause significant changes in the hemotologic profiles and blood chemistries 
of astronauts. The results of groundbased analytic studies and null gravity simulations 
have supported these predictions in many instances, with data indicating alterations 
in tissue and fluid m etabolism , and renal, endocrine , and hematologic functibns . 
Many of these functional changes are reflected in shifts in blood chemistry and hema- 
tology. 
Comparisons of preflight and postflight hematologic profiles and blood chemistries 
have demonstrated some significant changes. In both the Apollo and Gemini Programs, 
a leucocytosis, associated with an absolute neutrophilia and an absolute lymphopenia, 
was observed immediately postflight. These changes were transient, the total and 
differential white blood cell counts always reverting to preflight levels within one day 
postflight, and were probably the consequence of increased blood epinephrine and 
steroid levels associated with mission stresses. Data on the red cell fraction of the 
blood have been of particular interest in the Apollo Program because of the consistent 
loss of red cell mass, to a maximum of 20%, observed in the Gemini Program, and 
hypothesized a s  resulting from a lysing effect of the pure oxygen, 5 psia atmosphere, ( 
used in the Gemini spacecraft, on red blood cells. There were essentially no change 
in red cell mass in Apollo 7 and 8 crewmembers, pos~ibly~due to the 5 to 7% nitrogen 
remaining in the space cabins from the original prelaunch atmosphere having an inhib- 
itory effect on red cell lysis. Controverting this, however, 3 crewmembers, using an 
identical simulation of atmospheric exposure in an ll-day test, showed a mean decrease 
of 4.4% in red cell mass. A significant loss of red cell mass occurred in the Apollo 9 
mission, where there was no residual nitrogen in the crew cabin for 7 days of the 10- 
day mission. 
Mean plasma volumes were essentially unchanged in the Apollo 7 mission and 
decreased significantly in Apollos 8 and 9. Apollo missions aver all demonstrated 
significant decreases in cholesteral and uric acid and signtlicant elevation in glucose 
and creatinine. The consistently occurring transient postflight hyperglycemia is a 
probable result of an increased output of catecholamines and steroids secondary to 
the s t ress  of reentry. The decline of serum cholesterol and uric acid levels is 
probably due to altered diet. 
Major Instruments o r  Apparatus (Experiment-peculiar) consist of equipment for  
the sampling and storage of blood and its components, and the an&ysis of 35 of its 
chemical and hematologic parameters including: RBC count, mass, fragility, survival 
time and reticulocyte count; WBC count including differential, morphology, motility 
and phagocytosis; platelet count; bleeding and clotting times; clot retraction; hema- 
globin; free fatty acid; glucose; cholesterol; BUN; uric and lactic acids; ACTH; SGOT; 
LDH ; inorganic ion levels ; alkaline phosphatase; pH; creatinine; total protein; total 
bilirubin; albumin; and osmolality. The Subject Pre-Test State is the same as for 
Experiment 1-3. la(l)l  with the EPO ratings. for this factor the same as for Experi- 
ment 1-1. lal. The Test Subject Activity is entirely passive, consisting of being 
subjected to venipuncture and capillary punctures to obtain blood samples. EPO 
ratings for  this are  the same as for I-3.1a(l)l. 
Total Time of the experiment and its EPO ratings a re  the sapme as  for I-3.la(l)l. 
The reptition Interval averages 112 hrs. , two repetitions per week for the first three 
weeks and one repetition per week for  the last three. The Total Number of Data Points 
is 415: 35 blood parameters, 9 repetitions. As samples can be stored and analvzed 
in batches, the total experimsntal time penalty per  subject is 9 hr . ,  for  a Time pe r  
Data Point of 0.029 hr.  The Measurement Environment is the same as  f o r  1-3. la(l)l,  
as are the EPO ratings. 
Experiment Objective Attainment EPO ratings are the same as  for I-3,la(l), . Crew 
Time per  Data Point is 0.029 hr.  Weight and Volume per  Experiment a re  230 lb. and 
12 ft3. 
1-3. lh(l)l LBNP Tolerance - The Objective is to determine tolerance of LBNP 
as a function of exposure to partial gravity. 
The Experimental Source Reference for  this study is the AGC. The Measured 
Phenomenon is the subjectt s cardiovascular tolerance of lower body negative pressure 
(LBNP) a s  a function of duration of exposure to partial gravity, cardiovascular response 
determined by leg plethysmographic , ECG, and blood pressure measurements concur- 
rent with LBNP application. Much of the same discussion and justification for the 
previous cardiovascular experiments considered apply to this experiment. 
Man's upright stance has compelled the cardiovascular system to adapt to the 
terrestrial gravitational field. That the cardiovascular system loses its efficiency 
to cope with gravitational stress with suprising rapidity under conditions in which the 
effects of gravity are  minimal o r  absent has been repeatedly documented in studies of 
bed rest, and immersion and, indeed, in the relatively short flights of the Mercury, 
Gemini, and Apollo Programs. It seems clear that the degree of deconditioning 
reached varies with the time duration that gravitational stresses are  absent and also 
that this relation is not a straight-line correlation. It is also reasonable to believe 
that under any condition involving the absence of gravitational stress a new level o r  
plateau will be reached beyond which further deconditioning will not occur o r  at least 
will occur only at much slower rates. A t  this point in time, for example, evidence 
from the Gemini flights suggests that exposure to 14 days of orbital flight did not bring 
about a significantly greater gecrement in the ability of the cardiovascular system to 
withstand terrestrial gravity than 8 days' exposure. The numbers involved are too 
small, however, to be conclusive; moreover, bed rest studies indicated that further 
de~0nditioni.n~ occurs between 15 and 30 days. 
Bed rest is considered analogous to the weightless state in that it minimizes the 
effect of gravity upon the fluid contents of the cardiovascular system. A number of 
bed rest studies have shown greater deterioration of cardiovascular function after 4 
weeks than 2 weeks. If truly analogous to weightlessness, a greater degree of decon- 
ditioning may be expected in space flights of greater than 14 days duration. In addition, 
in-bed exercise while supine, even at high levels for prolonged periods, has been 
reported to afford little protection against cardiovascular deconditioning as measured 
by tilt table testing. There is as  yet insufficient data to determine at what point in 
time beyond 30 days of bed rest cardiovascular deconditioning will have reached a 
plateau beyond which further deterioration will not occur. Since cardiovascular de- 
conditioning is considered to be a process of adaptation to a less demanding environ- 
ment, it can be assumed that a stage of complete adaptation will be reached beyond 
which little o r  no further changes will occur. Neither the period of time required to 
reach this,stage nor the degree of deconditioning that it will produce is known at this 
time, A t  'the present time, i t  must be assumed that this adaptive process will occur 
at any gravitational level below 1 g. 
These observations make it imperative that all possible effort be made to deter- 
mine the rate and extent of cardiovascular deconditioning produced by space flight of 
increasing duration. This knowledge must be acquired by studies of the effects of each 
flight to give the best assurance of astronaut safety and mission success in succeeding 
flights. By determining the cardiovascular deconditioning that occurs due to exposure 
to partial gravity and correlating it with the deconditioning response to comparable 
time exposure to zero-g, it should be possible to predictively interpolate as to the 
deconditioning that will result from chronic exposure to any level of hypogravitation, 
aIlowing estimation of the amount of compensation thai would be required to maintain 
the astronaut conditioned for reentry and normogravity. 
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Negative pressure has been used as a tool for the study of vascular physiology 
for  many years. Since its effects on the cardiovascular system are  similar to those 
of gravity acting on an individual in the erect position, interest in this method of stres- 
sing the cardiovascular system has stimulated numerous studies of its hemodynamic 
effects. Lower body negative pressure has been envisioned a s  a means not only of 
measuring orthostatic tolerance, but also as one to prevent cardiovascular decondition- 
ing during the weightless environment of prolonged space flight. Lower body negative 
pressure will be utilized for  %light evaluation of the cardiovascular system during 
the Skylab space flights a s  a means of assessing one manifestation of cardiovascular 
deconditioning , orthostatic intolerance. 
The circulatory adjustments to the simple act of standing, o r  to LBNP o r  verti- 
cal tilt, a re  complex and induce compensatory responses involving many cardiovascular 
functions and many functions in other systems and subsystems. The event primarily 
responsible for  the subsequent response is generally accepted to be the sudden shifting 
of large volumes of blood from central venous reservoirs to the peripheral venous 
reservoirs. The medical literature provides adequate documentation that LBNP and 
vertical tilting induce similar cardiovascular responses. The physiological effects of 
LBNP are  qualitatively similar to those seen when shifting from the supine to the 
erect position, and, when applied in the 30 mrn Hg to 60 mm Hg range, a r e  quantita- 
tively similar. 
Leg volume changes during either LBNP o r  tilting furnish an index of the amount 
of blood being pooled in the lower extremities. These changes a r e  usually but not 
always of similar magnitude in each leg. Measuring the change in both legs increases 
the validity of this index over that which could be obtained by measuring changes only 
in one leg. Thus, it is of importance to obtain volume changes in both legs even though 
data from only one leg would furnish valuable information. Significant leg volume in- 
creases were seen in Gemini and Apollo crewmembers postflight a s  compared to pre- 
flight. This measurement appeared to furnish an important parameter for gauging 
the extent of cardiovascular deconditioning that had occurred. 
Blood pressure and heart rate responses a re  prime indicators of cardiovascular 
responses to the decreased circulating blood volume resulting from pooling of blood 
in the lower extremities during orthostatic s t ress  o r  the application of EBNP. These 
parameters correlated well with leg volume changes during tilting before and after 
Gemini and Apollo flights. 
Common-use equipment includes data management equipment to display and 
record analog and digital information. Major Instruments o r  Apparatus (Experiment- 
peculiar) include an LBNP device, leg plethysmographs, a tympanic thermometer and 
ECG and BP equipment. The Subject Pre-Test State is the same a s  for Experiment 
1-3. la(l)l with the EPO ratings fo r  this factor the same as  for Experiment 1-1. lal. 
The Test Subject Activity is entirely passive, consisting of being subjected to the 
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LBNP tolerance test while supported in a supine position, EPO ratings for  Test 
Subject Activity a re  the same as for I-3.la(l) 1 ' 
Total Time of the experiment and its EPO ratings are the same as  for  I-3.la(l) 
The repetition Interval is 72 hr. The Total Number of Data Points is 3906~14 repet- 1' 
ition and 279 Data Points (4 from plethysmography, 150 from BP, 25 from core 
temperature, and 100 from HR) per repetition. Subject time per repetition is 45 
minutes (15 setup, 25 test, 5 cleanup). Time per  Data Point is 0.003 hr.  The Measure- 
ment Environment is the same as  for I-3.la(l) as are  the EPO ratings. 1' 
Experiment Objective Attainment EPO ratings are  the same as  for I-3.la(l). Crew 
Time per  Data Point is 0.007 hr .  Weight and Volume per Experiment a re  20.5 lbs. 
and 12.1 ft3. 
1-3. lh(2I1 Grevout Threshold - The Objective is to determine tolerance of +GZ 
acceleration as a function of exposure to partial gravity. 
The Experimental Source Reference for this study is the GDC. The Measured 
Phenomenon is the subject' s cardiovascular tolerance of + G, acceleration levels 
above normogravity as a function of duration of exposure to partial gravity, the index 
of intolerance being peripheral light loss (PLL) o r  "Greyout". Much of the &e 
discussion and justification for the cardiovascular experiments previously considered 
apply to this experiment. 
A decrease in tolerance to +G, acceleration can be anticipated in space because 
of a decrease in circulating fluid volume. The cause is an increase in central circulat- 
ing volume which causes a diuretic response. This response is mediated through an 
inhibition of the anti-diuretic hormone of the pituitary. Bedrest causes such changes 
by diuresis, and space flights to date have shown such a decreased circulating volume, 
presumably due to consequences of weightlessness. When blackout, either peripheral 
o r  central, is used as  a criterion for acceleration tolerance, the mechanism of black- 
out is presumgd to be dependent upon retinal blood supply. The efficiency with which 
the heart can supply the head with blood depends upon many factors. Sufficient blood 
volume to fill increased peripheral circulation during + G, acceleration is one of the 
important factors. 
Leverett and Zuidena (1960) have analyzed the problems of using peripheral and 
central light loss as  a criterion for determining acceleration tolerance and point out 
the variability in technique that is found in the literature. The end points for accelera- 
tion tolerance will be even more difficult in space than the usual procedures on earth 
as  total blackout o r  unconsciousness that closely follows would be undesirable under 
such circumstances. Some facilities have used white o r  white/yellow lights for central 
and peripheral lights, while others have used green for peripheral and red for central 
2 00 VOL I1 
lights. This offers the possibility of deferring blackout levels due to dependence 
primarily on rod o r  cone vision respectively. The report cited also points out that 
some groups used peripheral light loss (PLL) as an end point. This loss is attributed 
to a decreased blood supply in the peripheral retinal area causing a decrease in angular 
visual fields. Other centrifuge operators have used a combination of PLL and central 
light loss (CLL). In the CLL situation blood is not reaching any portion of the retina 
and a complete loss of vision results. The preferred end point is PLL since it intro- 
duces a margin of safety relative to CLL. The increase in g per  second has been 
found to be a highly significant factor in earth tolerance tests. A gradual onset of centri- 
fugal force permits greater reflex compensation. g-onset, therefore, must be a well- 
controlled factor in space experiments. 
The A i r  Force evaluated the potential of an onboard centrifuge system and Piemme 
et a1 (1966) measured the duration of human tolerance to positive acce leration on a 
short radius centrifuge which produced a 256 per cent heart to foot acceleration gradi- 
ent. They found that acceleration levels of + 1 GZ, + 2 Gz, and + 3 Gz (reference to 
the foot) were tolerated by all subjects for periods of two hours, however, one subject 
did become nauseated following head movements at a + 3 G, environment . The sub- 
jects, using comparable levels of acceleration, were able to ride a short radius centri- 
fuge of 4.75 feet for a longer time period than they could at  a 23 ft. radius (both radii 
being measured to the subject's feet). A steep acceleration gradient, therefore, does 
not appear to reduce tolerance to positive acceleration. A i r  Force and NASA studies 
at Douglas investigated head to toe acceleration gradients of 20 to 219 per  cent on 
short-radius (16 and 156 in.) centrifuges. These studies indicated that tolerance 
measurements a re  possible on short-radius centrifuges using low intensity peripheral 
vision lights and gradual onset to blackout. The Douglas (W. J. White et al, 1965) 
group also found that as  radius decreases and the gradient increases there is a ten- 
dency toward increased g before blackout occurs. They did not experience the compli- 
cations of sickness due to head motion in their studies. They did report complaints 
of discomfort and pain in the calves and feet of subjects who were exposed to their max- 
imum levels of acceleration and who did not show the expected blackout. Using a low 
intensity central light loss as  criterion for tolerance, the investigators at Douglas 
found that onset rate minimally affected the mean g-level attained. At 156 inches from 
the heart, with a .2 g per  second2 onset, the mean for CLL (central light loss) occurred 
at 3.9 g compared to 3.8 g at 3 g' s per  second2 onset. With a 16 inch radius to the 
heart, the mean level for CLL was 3.0 g. They also reported the effect of radius on 
g-level tolerance: at a 30 inch radius to the heart the mean level attained was 3.6 g, 
at 58 inches 4.6 g, at 112 inches 4.4, and at 172 inches 3.9 g. 
Common-use equipment includes data management equipment to display and 
record analog and digital information. Major Instruments o r  Apparatus (experiment- 
peculiar) include a test perimeter (with lights located at 0°, 23O and 80" of visual angle), 
and ECG and BP equipment. The Subject Pre-Test State is the same as for Experiment 
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1-3. la ( l ) l  with the EPO ratings for this factor the same as  for Experiment 1-1. la l .  
The Test Subject Activity consists of reporting the m m e n t  of PLL in response to +GZ 
profile, .he EPO ratings for this factor being the same as I-3.la(l)l. 
Total Time of the experiment and its EPO ratings are  the same as for I-3.la(l)l 
with the exceptions that EPOs 'd' and 'el are rated unacceptable due to the unavailability 
of power for the required short duration spin rate changes. The repetition Intervals is 
the same as  for I-3.lh(l). The Total Number of Data Points is 14 (one data point per 
repetition). Subject Time per repetition is  45 miFutes (15 minutes setup, 25 minutes 
test, and 5 minutes cleanup). Time per Data Point is 0.75 hr. 
Considering the Measurement Environment, the range of $-levels required is 
from 0.4 to 4 .0 .  EPO ' b' is  rated excellent for this factor, providing the full range , 
with ' a' and ' c'  rated marginal (g-ceilings of 2.0 and 2.2, respectively) and ' d' and 
'e' rated unacceptable. The g-Gradient Ratio and its  EPO ratings are  the same as  
for 1-3. la(l)l. The rpm requirements range from 4.5 to Requirements for Maximum 
g-level (RMG), with ratings for this factor being the same as given above for the g- 
level. The Angular Acceleration requirement is 0.1 g/second, with EPO ratings for  
this factor being excellent for the three short-radius devices and unacceptable for 'd '  
and ' e l .  
Experiment Objective Attainment ratings a re  the same for EPOs ' a' and ' b' 
as in I-3.la(l), , but marginal for ' c' and unacceptable for ' d' and ' e' because of the 
Measurement Enyironmental and Total Time ratings. Crew Time per Data Point is 1.5 
hr. Weight and Volume per Experiment a re  7.2 lbs. and 0.9 ft3. 
g -prof ile 
1-3. lh(3l1 Re-entry Tolerance - The Objective is to determine tolerance of re- 
entry inertial profile as a function of exposure to partial gravity. 
The Experimental Source Reference for this study is the GDC. The Measured 
Phenomenon is the subject's psychophysiologic response to re-entry acceleration as  
a function of duration of exposure to partial gravity, the index of intolerance being the 
inability to perform a pychomotor task at a skill level required for  successful re- 
entry. 
Some consternation has been shown from parts of the space medicine community 
that prolonged missions at null gravity would decrease the astronaut' s ability to fly 
re-entry because of lack of practice and loss of g-tolerance. To circumvent this it 
has been proposed that prior to re-entry the crew be exposed to the re-entry g-profile 
on a centrifuge and perform the re-entry control task. Ideally the flight controls 
would be included on the couch and the subject's reactions would invoke the g-changes 
resulting from any of his errors.  This would be an extremely sophisticated simulator 
for orbital use and could cause injury to the subject were the high acceleration levels 
oriented through the Z axis. A much simpler approach is to use the simulator only a s  
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a physiological challenge and practice a re-entry type routine during the acceleration. 
For  this the centrifuge rpm level can be programmed in a simple manner. A s  the 
resultant g-levels will not all be through the ideal transverse (GX) axis, it is also 
necessary to program the couch orientation so it moves off the n6minal position to 
realign the g-vector. The couch would be at maximum radius with the subject's Z 
axis 78' off the radius (transverse g-tolerance is increased when back is raised 12" 
to decrease pulmonary distress). Proficiency in flight control during the high g-profile 
can be determined with a performance test that reflects the control problem. Such a 
performance test would be much simpler to control and evaluate. The Convair-developed 
RATER task represents such a test. 
Common-use equipment includes data management equipment to display and 
record analog and digital information. Major Instruments o r  Apparatus (experiment- 
peculiar) include the 1-2. l1 RATER task, and ECG and BP equipment to provide infor- 
mation for medical monitoring. The Subject Pre-Test State is the same as  for Experi- 
ment 1-3, la( l ) l  with the EPO ratings for this factor the same as for Experiment 
- l . l a l .  The Test Subject Activity consists of performing the 1-2. l1 RATER task 
while being exposed to the re-entry inertial profile. The overall RATER performance 
i s  evaluated on a go/no-go criterion as  to acceptability for the display/control skills 
required for the operational situation. 
Total Time of the experiment and its EPO ratings a re  the same as for I-3.lh(2) . 
The repetition Interval is the same as  for 1-3. lh(1) The Total Number of Data ~ o i n i s  1' 
is 14 (one data point per repetition). Subject Time per repetition is  35 minutes (15 
minutes setup, 15 test, and 5 cleanup). Time per Data Point is 0. 58 hr. Considering 
the Measurement Environment, the only changes relative to the I-3.lh(2) requirements 1 
are  a g-level ceiling of 6.0 and a corresponding higher rpm requirement. Because of 
the increased requirements, EPOs 'a' and 'cl are rated unacceptable for both g-level 
and rpm. 
Experiment Objective Attainment EPO ratings arethe same as  for I-3,lh(2)1 with the 
exception that EPO 'c' is rated unacceptable because of its Measurement ~nvtronrnent 
rating. Crew Ti e per Data Point is 1.16 hr. Weight and Volume per Experiment are  nS 
4. 0 lb, and 0.6 ft . 
I-3.lh(4) Tilt Tolerance - The Objective is to determine tolerance of vertical 1 tilt in a gravity field as  a function of exposure duration to partial gravity. 
The Experimental Source Reference for this study is the GDC. The Measured 
Phenomenon is the subject's cardiovascular response to vertical tilt within a gravity 
field as  a function of duration of exposure to partial gravity, the degree of intolerance 
being a composite function data derived from leg plethysmographic, ECG and BP 
measurements. Much of the same discussion and justification for the cardiovascular 
experiments previously considered apply to this experiment. 
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The tilt table has been used for many years to assess the reactions that occur 
in the vascular system in response to exposure to one-g. When the subject on the tilt 
table is changed from a horizontal to a near vertical, it brings about a reactive process 
that is dependent on many different body systems. Important in these mechanisms a r e  
the change in heart rate, blood pressure vasomotor tone and brain perfusion. These 
changes have been studied by many investigators who used the test in early aviation 
medicine for pilot examinations and it naturally has assumed an important role in the 
evaluation of space effects on the Mercury, Gemini, and Apollo pilots. Tilt table pro- 
cedures a re  somewhat standardized from experiments done to investigate bedrest as  
a means of simulating weightlessness and inactivity. Vogt (1966) has developed a data 
retrieval and handling method which allows computer storage and analysis of the sub- 
ject's reaction to the tilt table test. His procedure is a recording of baseline data on 
heart rate and blood pressure fo r  five minutes in the horizontal. The subject is then 
tilted in 35 seconds, to the upright position of 70" from the horizontal, for 20 minutes 
unless syncope o r  impending syncope occurs. Because so much baseline data is avail- 
able for the tilt table, it is very desirable to have a test on board the vehicle that 
would be comparable and, therefore, meaningful to monitoring physicians. To accom- 
plish this, the test in space must be done at the equivalent of one-g acceleration and, 
in addition, have the same hydrostatic gradients imposed during horizontal and tilt as  
is evoked by the 70" tilt on earth. 
C ommon-use Equipment includes data management equipment to display and 
record analog and digital information. Major Instruments o r  Apparatus (experiment- 
peculiar) include a table o r  litter that can be tilted from horizontal to within 20' of the 
gravitational vertical, two leg plethysmographs, and ECG and BP equipment. The 
Subject Pre-Test State is the same as for Experiment 1-3. la(lll with the EPO ratings 
for  this factor the same as  for Experiment 1-1. lal .  The Test Subject Activity is 
entirely passive, consisting of being subjected to the tilt profile while being monitored 
for  cardiovascular response. 
- - 
Total Time of the experiment and its EPO ratings a re  the same as for I-3.lh(2) 
The repetition Interval is the same as  for 1-3. lh(1) The Total Number of Data 1' 
Points, Subject Time per repetition, and Time per $ ata Point are  the same as for 
I-3.lh(l) Considering the Measurement Environment, the range of g-levels re- 
quired isfrom 0.4 to 1.0. All short-radius EPOs are  rated excellent on this factor and 
EPOs ?di and are  unacceptable. The g-Gradient Ratio and its EPO ratings a re  the 
same a s  for 1-3. la(1) The requirements for rpm range from 4.5 to RMG, with the 1' EPO ratings being the same as those listed for the g-level factor. Angular Accelera- 
tion is not applicable (NA). 
Experiment Objective Attainment ratings a re  the same as for I-3.lh(2) 1 with the 
exception that EPOs vd? and are  unacceptable because of their Measurement 
Environment and total time ratings. Crew Time per Data Poin is 0.007 hr. Equip- s 
ment Weight and Volume per Experiment are  5.5 lb. and 1.5 ft . 
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1-3.2 Fluid Balance 
1-3. 2al Total Bodv Water - The Objective is to determine the total amount of 
body water in the various body compartments as  a function of duration of exposure to 
partial gravity. 
The Experimental Source Reference for this study i s  the AGC. The Measured 
phenomenon is the dilution of ingested deuterium oxide (D20) by the total body water 
as  a function of the subject' s duration of exposure to partial gravity. 
Maintenance of body water content within normal limits is one important require- 
ment to insure optimum astronaut perfomance during space missions. Both American 
and Russian astronauts have returned from space missions with a body weight deficit, 
some as much as ten pounts. It has been assumed that this deficit was predominantly 
water because the loss was essentially recovered in one to two days. There a re  
several possible ways that a loss of body water can occur. A loss can occur by re- 
stricting intake with output held constant; increasing output with intake held constant; 
or,  a decreased input with an increased output. 
Voluntary dehydration (the delay in rehydration following water deplation) has 
been observed in man after a variety of environmental stresses, and it could have 
contributed to the astronauts' weight loss. It is probable the major cause of the 
negative weight balance was due to diuresis, similar to that which has been observed 
from studies utilizing water immersion. Diuresis has also been reported with pro- 
longed bedrest. 
It has been assumed that the in-flight weight loss observed in astronauts (up to 
6% of the body weight) was predominantly water because the weight loss was often 
recovered in 1 to 2 days. Further, it has been assumed the weight (water) loss was 
due to a diuresis similar to that which occurs in an increased urinary volume compared 
with a control period. 
The reduction in body water content during weightlessness could be looked upon 
as an adaptation where the fluid loss is essentially an appropriate reaction to weight- 
lessness. If maintenance of central blood volume is part of the basic regulatory 
mechanism of body flu id balance, then one might expect a reduced fluid volume to be 
the norm for  the weightless environment. 
Of the types of diuresis, the water diuresis observed in bedrest and water im- 
mersion studies in the Gauer-Henry reflex may be caused by the same mechanism as  
weightlessness. A rtificial-g levels below normogravity may produce intermediate 
states of dehydration. Total body water is one of the measurements required to deter- 
mine the body fluid balance as  a function of partial gravity exposure. 
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Common-use equipment consist of urine sample containers and miscellaneous 
fluid transfer equipment. Major Instruments o r  Apparatus i ~ x ~ e r i m e n t - p e c u l i a r )  
include a mass  spectrometer and the dueterium oxide samples. The Subject Pre-Test 
State is the same a s  for  Experiment 1-3. la(1) with the EPO ratings for  this factor 
1 
the same a s  for  Experiment 1-1. l a  The Test Subject Activity consists of ingesting 
1' 
the D 0 samples and providing urine specimens. EPO ratings for this factor a r e  the 2 
same a s  fo r  I-3.la(l) 
1' 
Total Time of this experiment and its EPO ratings a r e  the same a s  for  I-3.la(l) 1' The repetition Interval averages 120 hr. (twice-weekly for the f irst  two weeks and once 
each week for the last  4 weeks). The Total Number of Data Points is 8, one per  repe- 
tition. Subject Time per  Data Point is 0.08 hr .  The Measurement Environment and 
i t s  EPO ratings a r e  the same a s  for 1-3. la(1) 1' 
Experiment Objective Attainment EPO ratings a r e  the same a s  for  1-3. la ( l ) l .  Crew 
Time e r  Data Point is 0.35 hr. Weight and Volume per  Experiment a r e  20 Ib. and $' 1 . 5 f t  . 
I-3.2b Extracellular Fluid Volume - The Objective i s  to determine the volume 
of e x t r a a r  fluid a s  a function of duration of exposure to partial gravity. 
The Experimental Source Reference for this study i s  the AGC. The Measured 
Phenomenon is the dilution of injected inulin by the extracellular fluid a s  a function of 
the subject's duration of exposure to partial gravity. The basis for this measurement 
is the same a s  for  the total body water, to determine the balance and distribution of 
body fluid a s  a function of partial gravity exposure. 
Com mon-use equipment include equipment for  t racer  injection and blood sampling 
and storage. Major Instruments o r  Apparatus (experiment-peculiar) include the inulin 
samples and a colorimeter for analysis of t racer  dilution. The Subject Pre-Test State 
is the same a s  for  Experiment 1-3. la(1) , with the EPO ratings for this factor the 
same a s  for  Experiment 1-1. l a  . The $est Subject Activity consists of being injected a with the inulin t racer  and provi ing the subsequent blood sample for the extracellular 
fluid (ECF) determination. The EPO ratings for Test Subject Activity a r e  the same 
a s  for  1-3. la(1) 
1' 
Total Time of this experiment and i ts  EPO ratings a r e  the same a s  for  1.3. la(1) 
The repetition Interval and the Total Number of Data Points a r e  the same a s  for  
1' 
Subject Time per  Data Point is 0.25 hr. The Measurement Environment and 
ratings a r e  the same a s  for  I-3.la(l) 1' 
Experiment Objective Attainment EPO ratings are the same as for I-3.la(l)l .  c rew\  
Time e r  Data Point is 0.75 hr. Weight and Volume per  Experiment a r e  3.5-lb. and !? 
0.5 f t  . 
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1-3. 2cl Plasma Volume - The Objective is to determine the plasma volume as  a 
function of duration of exposure to partial gravity. 
The Experimental Source Reference for this study is th'e AGC. The Measured 
Phenomenon is the dilution of injected Evans Blue dye by the plasma a s  a function of 
the gubjectl s duration of exposure to partial gravity. The basis for this measurement 
is the same as for the total body water, to determine the balance and distribution of 
body fluid as a function of partial gravity exposure. The use of Zephiran as a solvent 
for the dye, rather than saline, has been shown to obviate errors  caused by absorption 
of the dye on the surfaces of the injection syringe and other containing vessels and on 
the plasma proteins themselves. Accurate plasma volume determinations, thereby, 
have been facilitated using only 0.02 ml of plasma. 
Common-use equipment include articles for t racer  injection and blood sampling 
and storage. Major Instruments o r  Apparatus (expe riment -peculiar) include the Evans 
Blue samples and a colorimeter for analysis of t racer  dilution. The Subject Pre-Test 
State is the same a s  for Experiment 1-3. la(l)l ,  with the EPO ratings for this factor 
the same as  for Experiment 1-1. lal. The Test Subject Activity consists of being in- 
jected with the Evans Blue t racer  and providing the subsequent blood sample for the 
plasma volume determination. The EPO ratings for Test Subject Activity are the 
same as  for  I-3.la(l) 1' 
--- 
The Total Time for this experiment and its EPO ratings a re  the same as  for 
I - .  1 1  . The repetition Interval and the Number of Data Points a r e  the same as  
for I-3.2al. Subject Time per Data Point is 0.30 hour. The Measurement Environ- 
ment and its EPO ratings a re  the same as  for I-3.la(l) 1' 
Experiment Objective Attainment EPO ratings are the same as  for I-3.la(l)l. Crew 
, 
Time per  Data Point is 0.85 4r. Weight and Volume pe r  Experiment a re  3 .5  1b. and 
0.5 ft3. 
1-3. 2dl Water Balance - The Objective is to determine the subject1 s gains and 
losses of water as  a function of exposure to partial gravity. 
The Experimental Source Reference for this study is the AGC. The Measured 
Phenomena a re  the intakes and outputs of water as a function of duration of exposure 
to partial gravity. The basis for this measurement is the same as for the total body 
water, to determine the balance of body fluid as  a function of partial gravity exposure. 
Common-use equipment include miscellaneous items for the transfer and storage 
of moderate volumes of fluids and solids. Major Instruments o r  Apparatus (experiment- 
peculiar) include a small mass measurement device. The Subject Pre-Test State is 
the same as  for  Experiment 1-3. la(l)l, with the EPO ratings for this factor the same 
as  for  Experiment 1-1. lal. The test Subject Activity consists of assisting in monitoring 
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his fluid intakes and outputs, including measuring food, drink, and excretions, as 
well as drinking, and reconstituting food with water of kndwn electrolyte content. The 
EPO ratings for Test Subject ~ c t i v i t ~  are the same as for I-3.la(l) 
1' 
Total Time for this experiment and its EPO ratings are the same as for 
- 3  a )  . The repetition Interval is 12  hr. The Number of Data Points is 252: 
84 repetikons , 3 measurements totals (food, water, and waste) per repetition - 
raw data would consist of a larger number of individual quantities. Subject Time per 
Data Point is 0.16 hr. The Measurement Environment and its EPO ratings are the 
same as for 1-3. la(1) 1' 
Experiment Objective Attainment EPO ratings a re  the same as for I-3.la(l). Crew 
Time per Data Point is 0.56 hr. Weight and Volume per Experiment are 2.6 lb and 
0.3 ft3. 
1-3. 2e(l)l thru (4) - LBNP Tolerance. Grevout Threshold, Re-entrv Tolerance, 
and Tilt Tolerance. - The Objective of these four experiments is to relate the subject' s 
water balance and distribution to each particular stressor as a function of duration of 
exposure to partial gravity. A s  such, these experiments merely represent further 
interpretation of fluid balance data as a function of each discrete challange. Defini- 
tions and analyses of the four experiments are the same as Experiments 1-3. lh(l)l 
thru (4) and will not be repeated here. 
1-3. 2fl Ergometry - The Objective is to determine the physiologic responses to 
calibrated exercise as a function of duration of exposure to partial gravity. 
The Experimental Source Reference for this study is the AGC. The Measured 
Phenomena are physiologic responses to a calibrated bicycle ergometer workload, 
the responses measured including metabolic rate, HR, BP, and core temperature. 
This experiment is primarily goaled to evaluate if man' s physiologic effective- 
ness in doing mechanical work is altered as a function of prolonged exposure to a 
reduced gravity environment, but it also will provide data as to the metabolic cost of 
identical operational activities when man is deprived of Earth gravity as compared to 
the cost on the ground, thus establishing the validity of groundbased reduced-gravity 
simulators - and will assay the bicycle ergometer as an exerciser for long-duration 
hypogravitational missions. 
Common-use equipment include data management facilities for the display and 
recording of analog and digital data. Major Instruments o r  Apparatus (experiment- 
peculiar) include a bicycle ergometer, a metabolic analyzer, and ECG, BP, and ear  
thermometry equipment. The bicycle ergometer wo &load (in watts) can be preset 
so that the device will automatically vary resistance as a function of pedal speed to 
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maintain load constancy. The metabolic analyzer (MR device) measures 0 consump- 2 tion and CO production and integrates them into a respiratory quotient, the basis of 2 the metabolic rate. The Subject Pre-Test State is the same a s  for Experiment 
1-3. la(1) with the EPO ratings for this factor the same as for Experiment 1-1. l a  . 1 The Test  Subject Activity consists of performing the required ergometric workloaa 
while being physiologically monitored. This requires his wearing the MR helmet, ECG 
electrodes, B P  cuff, and e a r  canal temperature probe. EPO ratings for  Test Subject 
Activity a r e  the same a s  for I-3.la(l) with the exception that EPO 'aT is unaccept- 1' 
able since i t  doesn't provide the physical support for  the ergometer. 
Total Time for  this experiment and i t s  EPO ratings a r e  the same as for  I-3.la(1) 
1. The repetition Interval is 24 hr. The Total Number of Data Points i s  1008: 42 repe- 
titions, 24 (4 each of HR, BT, and MR, 12 of BP)  per repetition. Time per  repetition 
i s  40 minutes (15 minutes setup, 20 minutes test -- 5 baseline, 10 a t  75% load capacity, 
5 recovery --, and 5 minutes cleanup). Subject Time per  Data Point is 0.028 hr.  The 
Measurement Environment and its EPO ratings a r e  the same a s  for I-3.la(l) 1' 
Experiment Objective Attainment EPO ratings are the same as for I-3.la(l)l. Crew 
Time er Data Point i s  0.07 hr. Weight and Volume per  Experiment a r e  50.8 lb. and 9 
7.5 f t  . 
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I-3.2% Bodv Mass - The Objective is to determine changes in total body mass 
a s  a function of duration of exposure to partial gravity. 
The Experimental Source Reference for this study is the AGC. The Measured 
Phenomenon is the body mass a s  determined through its inertial response a s  part of a 
spring/mass pendulum. Substantial evidence exists from manned space flight and 
groundbased simulation that, unless compensated for by programmed countermeasures, 
significant weight loss will occur a s  a function of exposure to hypogravitation. For  
example, all 15 Apollo Program astronauts lost weight during their respective missions, 
the mean loss being 5.6 lbs. (range 1.25.to 10 lbs. ) over periods of 8 to 11 days in space. 
Compared with the Mercury and Gemini results, there appears to be a roughly direct 
correlation between duration of exposure and weight loss. Fluid, and associated elec- 
trolyte losses, have been implicated a s  responsible for most of the weight change, but 
the associated reduction in work capacities and bone densities would suggest that some 
loss of musculosketetal mass also progressively occurs. Musculoskeletal deteriora- 
tion cannot be tolerated by the human body for indefinite periods of time. A detgrmina- 
tion of the rates of chemical imbalance may allow specific countermeasures to be 
tested for effectiveness and, selectively, made operational. Body mass measurements, 
in association with anthropometric, densitometric, fluid balance, and body chemistry 
studies, will provide an index of musculoskeletal alteration in response to hypogravita- 
tion. 
Major Instruments o r  Apparatus (experiment-peculiar) include the large mass 
measurement (LMM) device, a facsimile of the machine to be used in the Skylab MI72 
Experiment, which uses a linear spring/mass pendulum, the period of which is deter- 
mined by the mass of the body being measured. The Subject Pre-Test State is the 
same as  for Experiment 1-3. la(l)l,  with the EPO ratings for this factor the same as  
for Experiment 1-1. lal .  The Test Subject Activity consists of using the LMM device 
to determine body mass, with EPO ratings for this factor being the same as  for 
1-3. 2fl. 
Total Time for this experiment and its EPO ratings a re  the same a s  for 1-3. la(l)l.  
The repetition Interval is 12 hours. The Total Number of Data Points is 84 (two each 
day for 42 days). Time per  repetition is 35 minutes (15 minutes setup, 10 minutes 
measurement, and 10 minutes cleanup). Time per  Data Point is 0.58 hour. The 
Measurement Environment and its EPO ratings a re  the same as  for 1-3. la(l)l.  
Experiment Objective Attainment EPO ratings are  the same as  for I-3.la(l)l. Crew 
Time per  Data Point is 0.58 hour. Weight and Volume per  Experiment a re  6 lbs. and 
3 1.5 ft. . 
1-3.3 Skeletal Experiment 
1-3. 3al Bone Density - The Objective is to determine the changes in bone density 
a s  a function of duration of exposure to partial gravity. 
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The Experimental Source Reference for this study is the AGC. The Measured 
Phenomenon is bone density as  determined by the level of photbn absorption. These 
measurements form a necessary part of the assessment of significant adaptive changes 
to hypogravitation. Decalcification of bones, consistently observed in hypodynamic 
and hypogravitational states, presents a serious biomedical problem for prolonged 
space flights. It may affect the structural integrity of the skeleton during o r  after 
such flights; blood chemistry can be affected and ectopic calcification, principally of 
the urinary tract, may develop. This study will permit assessment of the magnitude 
of the skeletal changes as  a function of duration of exposure to partial gravity, pro- 
viding information on responses between zero and normal gravity, and evaluating the 
necessity for, o r  consequences of, possible remedial actions. 
Common-use equipment includes a data management facility to process signals 
from the photon absorptiometer. Major Instruments o r  Apparatus (Experiment- 
peculiar) include a mechanical scanner with a radionuclide source and a scintillation 
detector probe. The photon absorptiometer utilizes a dicromatic (dual photon) tech- 
nique with sealed sources of low-energy radionuclides ( I ~ ~ ~  and ~m ~~ are  presently 
considered the most suitable sources) providing the photon beam. Miniaturized nuclear 
instrumentation and a small folding o r  telescoping scanner a re  used in the bone-scanning 
system. The technique is nonhazardous and can be self-administered. The Subject 
Pre-Test State is the same as  for  Experiment 1-3. la( l ) l ,  with the EPO ratings for this 
factor the same as for  Experiment 1-1. lal .  The Test Subject Activity consists of the 
Subject placing the area to be measured in a holder to ensure relocation, and activating 
the scanner which automatically passes several times across each location. The EPO 
ratings for this factor a re  the same a s  for  1-3. la(1)l. The minimal bone structures 
to be monitored are  the oscalcis (weightbearing) and the fifth digit of the hand (non- 
weightbearing). 
Total Time for  this experiment and its EPO ratings a re  the same as  forI-3. la(1)l. 
The repetition Interval is 72 hours. The Total Number of Data Point is 28 (two per  
repetition). Subject Time per Data Point is 0.08 hour (0.20 hour if measurements 
a re  self-administered). The Measurement Environment and its EPO ratings a re  the 
same as for 1-3. la(l)l.  
Experiment Objective Attainment EPO ratings a re  the same as  for I-3.la(l)l. Crew 
Time per  Data Point is 0.20 hour . Weight and Volume per  Experiment a re  25 lb. 
and 0.22 ft3. 
1-3. 3bl Mineral Balance - The Objective is to determine gains and losses of 
minerals and nitrogenous constituents as  a function of exposure duration to partial 
g r avity . 
The Experiment Source Reference is the AGC. The Measured Phenomena are  
the gains and/or losses of minerals and nitrogenous constituents in urine, feces, sweat, 
and food. These measurements, in association with data from body mass, fluid balance, 
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antropometric and densitometric studies will facilitate the identification of the kinds 
and rates of musculoskeletal deterioration occurring, allowing specific countermeas- 
ures to be taken on subsequent flights such as  the institution of exercise routines and/or 
the manipulation of dietary constituents. Unchecked, continuous losses of minerals 
and nitrogenous elements can result in the impairment of skeletal and muscle integrity 
and the formation of renal calculi. 
Common-use equipments include data management facilities for  the recording of 
digital information. Major Instruments o r  Apparatus (Experiment-peculiar) include 
a small mass measurement (SMM) device, and equipment for the sampling, transfer, 
storage and analysis of sweat, urine and feces. The Subject Pre-Test State is the same 
as  for  Experiment 1-3. la(l)l ,  with the EPO ratings the same as for Experiment 1-1. lal .  
The Test Subject Activity consists of assisting in the monitoring of the pertinent bio- 
functional substances, including food, sweat, urine and feces, the EPO ratings being . 
the same as  for  1-3. la(l)l .  
I'otal Time for this experiment and its EPO ratings a re  the same a s  for 1-3. la(l)l.  
The repetition Interval is 1 2  hours. The Total Number of Data Points is 2100: 84 repe- 
titions, 25 data points per  repetition. Subject Time per Data Point is 0.02 hour . The 
Measurement Environment and its EPO ratings a r e  the same as f o r  1-3. la(l)l .  
Experiment Objective Attainment EPO ratings are  the same as  for I-3.la(l)l. Crew 
Time pe r  Data Point is 0.06 hour . Weight and Volume per  Experiment a re  232 lb. 
and 12.3 ft3. 
1-3.4 Pulmonarv Function 
I -3 .4~1~  Pulmonary Volumes - The Objective is to determine the changes in the 
various pulmonary volumes and capacities a s  a function of the duration of exposure to 
partial gravity. 
The Experimental Source Reference is the GDC. The Measured Phenomena a r e  
, 
vital capacity, functional residual capacity, inspiratory capacity, expiratory and 
inspiratory reserve volumes, tidal volume, and residual volume. Although changes 
in pulmonary function a re  not necessarily expected during hypogravitational missions, 
it is important that assessments be made of the effects of exposure duration to such an 
environment on the mechanics of breathing and respiratory gas exchange. This infor- 
mation has direct application in establishing the limitations of man to endure and per- 
form in such an environment and in establishing the artifactual environmental require- 
ments for  his support. 
Common-use equipments,include measurement devices for  providing cabin pres- 
sure, temperature, and water vapor pressure which are  factors pertinent to the calcu- 
lation of lung volumes. Data management facilities for processing analog/digital 
information a re  also required. Major Instruments o r  Apparatus (Experiment-peculiar) 
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include a servospirometer and a helium supply. The Subject Pre-Test State is the 
same as  for  Experiment 1-3. la(l)l ,  with the EPO ratings for this factor the same as  
for Experiment 1-1. la l .  The ~ e s t  Subject Activity consists of wearing the spirometric 
mouthpiece and performing the required respiratory maneuv&rs, the EPO ratings a re  
the same a s  for 1-3. la(l)l.  
Total Time for this experiment and its EPO ratings are  the same as for 1-3. la(l)l.  
The repetition Interval is 168 hours. The Total Number of Data Points is 56: 7 pul- 
monary volumes/capacities, 8 repetitions. Repetition time is 0.75 hour , with Subject 
Time per  Data Point equal to 0.094 hour . The Measurement Environment and its EPO 
ratings are  the same as  for  1-3. la(1)l .  
Experiment Objective Attainment ratings are  the same as for 1-3. la(l)l .  Crew 
Time per  Data Point is 0.22 hour . Weight and Volume per  Experimental Equipment 
a re  12 lb. and 0.27 ft3. 
I-3.4bl Respiratow Mechanics - The Objective is to determine the dynamic 
characteristics of pulmonary ventilation a s  a function of duration of exposure to partial 
g ravi ty . 
The Experimental Source Reference i s  GDC. The Measured Phenomena a re  
respiratory ventialtion characteristics, including pulmonary compliance, -minute (tidal) , 
volume, maximum inspiratory and expiratory flows, and maximum breathing capacity. 
The same justification pertains to this study a s  for 1-3. &al. 
Common-use equipment include cabin pressure, temper;tture and water vapor 
maasurement devices and data mangaement facilities to process signals. Major Instru- 
m ents o r  Apparatus (Experiment-peculiar) include an integrating pneumotachograph, 
a servospirometer, and an esophageal balloon. The Subject Pre-Test State is the same 
as  for Experiment 1-3. la(l)l ,  with the EPO ratings for this factor the same as  for 
Experiment 1-1. lal .  The Test Subject Activity consists of wearing the spirometric 
mouthpiece and performing the required respiratory maneuvers, swallowing the esoph- 
ageal balloon when int ra-pulmonary pressure measurements are  required. Subject 
Activity EPO ratings a re  the same as  for 1-3. la(l)l .  
Total Time for  this experiment and its EPO ratings a re  the same as  for 1-3. la(l)l. 
The repetition Interval is 168 hours. The Total Number of Data Points is 40: 8 repeti- 
tions, 5 data points per  repetition. The Subject Time per  Data Point is 0.15 hour . 
The Measurement Environment and its EPO ratings a re  the same a s  for  1-3. la(l)l.  
Experiment Objective Attainment EPO ratings a re  the same a s  for  1-3. la(l)l.  
Crew Time per  Data Point is 0.35 hourf . Equipment Weight and Volume per  Experi- 
ment are  16 lb. and 0.57 ft3. 
1-3 4c1 Gas Exchange - The Objective is to determine changes in pulmonary gas d 
exchange a s  a function of duration of exposure to partial gravity. 
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The Experimental Source Reference is GDC. The Measured Phenomena a re  the 
02/Co2 contents of arterial blood and respiratory gases. .while changes in pulmonary 
gas exchange are  not anticipated, the possibility does exist that exposure to the hypo- 
gravitational state may change this vital function by alterations in perfusion o r  ventila- 
tion of the lungs. 
Common-use equipment include data management facilities for  processing and 
storing test information. Major Instruments o r  Apparatus (Experiment-peculiar) 
include a MR (metabolic rate) device that measures inspired and expired 02/Co2 con- 
tents and alveolar C02 and O2 partial pressure, and an ear  oximeter to measure 
arterial oxygen saturation. The Subject Pre-Test State is the same as for Experiment 
1-3. l a ( l ) l ,  with the EPO ratings for this factor the same as  for Experiment 1-1. lal. 
The TestsSubject Activity consists of wearing the MR device mouthpiece and oximetric 
transducer and respiring as directing, the EPO ratings being the same as  for  I .  3. la(l)l.  
Total Time for this experiment and its EPO ratings a re  the same a s  for  1-3. la(l)l.  
The repetition Interval is 168 hours. The Total Number of Data Points is 24:8 repeti- 
tions, 3 data points per  repetition. Subject Time per  Data Point i s  0.2 hour . The 
Measurement Environment and its EPO ratings a re  the same as for 1-3. la(l)l.  
Experiment Objective Attainment EPCR ratings are  the same a s  for 1-3. la(l)l.  
Crew Time per Data Point is 0.55 hour. Equipment Weight and Volume per  Experi- 
ment a re  35 lb. and 2 ft3. 
1-3.5 Renal Function 
1-3. 5al Urinalysis - The Objective is to determine changes in volume and char- 
acteristics of the urine specimens. The necessity of performing a comprehensive 
analysis of inflight urine specimens, in order to assay the psychophysiologic response 
to protracted partial gravity, is axiomatic. Among the many functional clues urinalysis 
will provide will be pertinent data a s  to electrolyte balance, dehydration, and acid- 
base status. Data from the crewmembers of Gemini VII showed significant decreases 
in fluid intake and urinary output--not withstanding an initial diuresis--during flight, 
marked decreases in the urinary excretion of sodium, potassium, and chloride ions 
during flight, elevation of aldosterone during flight in the face of normal sodium intake, 
considerable increases in catecholamine excretion immediately following reentry, and 
a significant decrease in 17-hydroxycorticosteroids during flight. Overall data from 
crewmembers from Apollo missions seven thru 11 show a very significant elevation in 
postflight urinary excretion of hydroxyproline versus preflight, with significant de- 
creases in sodium, potassium and chloride in the immediate postflight periods. 
Common-use equipment include data management facilities for  processing and 
storing digital information. Major Instruments o r  Apparatus (Experiment-peculiar) 
consist of equipment for  the collection and storage of the urine specimens, and the 
analysis of 25 of its chemical and physical characteristics including osmolarity, 
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sediments, volume, specific gravity, pH, sodium, patassium , chloride, calcium, 
inorganic phosphate, magnesium, urea, total nitrogen, amino ktrogen, c reatine, 
creatinine, hydroxyproline, glucose, occult blood, ketones, bilirubin, bile, steroids, 
and catecholamines. The Test Subject Pre-Test State is the same as  for  Experiment 
1-3. la(l)l,  with the EPO ratings fo r  this factor the same as for Experiment 1-1. l a  1' The Test Subject Activity consists of monitoring his urine outputs, the EPO ratings 
being the same as  for I-3.la(l) l. 
Tdtal Time for this experiment and its EPO ratings a re  the same a s  for  1-3. la(l)l.  
The repetition Interval is 12 hours. The Total Number of Data Points is 2100: 25 data 
points per  repetition, 84 repetitions. Subject Time per  Data Point is 0.02 hour. The 
Measurement Environment and its EPO ratings a re  the same as  for 1-3. la(l)l .  
Experiment Objective Attainment EPO ratings a re  the same a s  for I-3.la(l) 1.' Crew Time per  Data Point is 0.06 hour. Equipment Weight and Volume per  Experl- 
ment a re  190 lb. and 13 ft3.' 
1-3. 5bl Renal Function - The Objective is to determine changes in renal function 
and the secretion of hormones affecting urine volume as  a function of duration of expo- 
sure to partial gravity. 
The Experimental Source Reference is the AGC. The Measured Phenomena are  
renal blood flow and the excretion levels of antidiuretic hormone (ADH) and aldosterone. 
One of the characteristic responses to hypogravitational exposure o r  its groundbased 
physiologic simulations is a significant diuresis that may decrease the baseline plasma - 
volume by 4 to 13 per  cent during the first 48 hours of exposure. This effective de- 
crease in blood volume is considered to be one of the major factors in the consistent 
appearance of orthostatic hypotension immediately following exposure to weightlessness, 
bed rest, o r  water immersion. Negation of the gravitational component of intravascular 
hydrostatic pressure leads to a headward redistribution of blood and a distension of the 
central venous channels thought to produce the diuresis by one o r  a combination of 
three mechanisms: an indirect decrease in secretion of ADH from the pituitary, an 
indirect decrease in aldosterone release from the adrenal. cortex, o r  a direct increase 
in renal blood flow. It is necessary that the mxhanisms potentially responsible for  
these urinary volume changes during weightlessness be investigated so that the develop- 
ment of effective countermeasures to plasma volume reduction can be facilitated. 
Common-use equipment include data management facilities to process and store 
analytical information. Major Instruments o r  Apparatus (Experiment-peculiar) con- 
sist of equipment for the collection, storage and analysis of urine and blood samples. 
The Te st Subject Pre-Test State is the same a s  for Experiment 1-3. la(l)l ,  with the 
EPO ratings for this factor the same a s  for  Experiment 1-1. lal .  The Test Subject 
Activity consists of receiving injections of Para-aminohippuric acid (PAH) and provid- 
ing blood and urine specimens, the EPO ratings for this factor being the same as  for 
1-3.1a(1)1. PAH is a substance that is almost totally removed from the blood in one 
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pass through the kidneys and consequently can be used a s  a measure of renal blood 
flow. PAH is injected into the venous blood and a subsequent blood sample represents 
90% of renal blood flow in terms of PAH clearance. Urinary ADH and aldosterone 
levels reflect their plasma concentrations. 
Total Time for this experiment and its EPO ratings a re  the same as  for 1-3. la(l)l.  
The repetition Interval is 12 hours. The Total Number of Data Points is 182: ADH and 
aldosterone analyses a re  performed on 12-hour pools throughout the 42 days, PAH clear- 
ance is determined every 1 2  hours for  the first 48 hours and every 4 days thereafter 
for the 42 days. Subject Time per  Data Point is 0.039 hour. The Measurement Environ- 
ment and its EPO ratings are  the same as  for 1-3. la(l)l.  
Experiment Objective Attainment EPO ratings are  the same a s  for 1-3. la(l)l.  
Crew Time per  Data Point is 0.189 hour. Equipment Weight and Volume per  Experi- 
ment 53 lb. and 2.7 ft3. 
1-3.6 Vestibular and Related Phenomena 
1-3. 6al Oculogvral Illusion - The Objective is to provide a relatively sensitive 
measure of any changes in the responsiveness of the vestibular organs to cross-coupled 
angular acceleration stimuli a s  a function of a prolonged exposure to partial gravity. 
The Experimental Source Reference for this study is the AGC. This Experiment 
is to be conducted during Phase V of the mission timeline shown in Fi gure 40, the 
results to be compared with those recorded while conducting Experiment 1-1. la l  'dur- 
ing Phases II and 111. Many of the definition and analysis aspects of this experiment 
a re  identical to those of Experiment 1-1. lal. Only those aspects entailing differences 
will be considered here. 
The Subject Pre-Test State is one of having been exposed to prolonged (nominally 
42 days) of partial gravity at maximum radius, the EPO ratings being the same as  
1-1. lal. The Total Time of the Experiment is three days, .with the EPO ratings 
unchanged from 1-1. l a  The Number of Data Points is 18, reflecting the same number 1 ' 
of data points per  testing repetition a s  for 1-1. lal .  
The g-Level Requirements range from 0.15 t o  0.55, a s  a function of the test 
designation of repetitions at each of the three radii (16, 32, and 64 ft.) at 5 rpm. The 
EPO ratings for g-Level are  unchanged from 1-1. lal. The requirement of 5 rpm 
changes the EPO ratings for this factor, relative to 1-1. l a  , to excellent and good for 
EPOs dt and e' , respectively. Experiment Objective ~ t ta inment  EPO ratings, rela- 
tive to 1-1. l a  a r e  increased to good for  EPOs b1 and c1 because of the reduced 
importance o ? providing ' multi-radial testing to accomplishing the experiment objective, 
and increased to fair and good, respectively, for EPOs ' d1 and ' e1 because of the 
improved ratings on rpm provision. 
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1-3. 6bl thru 1-3. 6jl - The Objective of each of these experiments is analogous 
to that of 1-3. 6al, to determine any changes that have occurred in particular skills 
o r  functions as  the result of a prolonged exposure to partial gravity. 
Most of the definition and analysis aspects of each of these experiments is 
identical to its counterpart in the group 1-1. lbl thru 1-1. l j  the only variations being 1' 
those described in comparing I-3.6a to 1-1. lal. Because of these commonalities, 1 
no additional text on these experiments is included. 
1-3.7 Neurophvsiological Functions 
I-3.7a Thru 1-3. 7cl - The Objective of each of these experiments is analogous 1 
to that of 1-3. 6al, to determine any changes that have occurred in particular skills o r  
functions as  a result of a prolonged exposure to partial gravity. 
Most of the definition and analysis aspects of each of these experiments is iden- 
tical to its counterpart in the experiment group I-l.2a thru 1-1. 2cl, the only variations 1 being those described in comparing 1-3. 6al to 1-1. lal. Because of these commonalities 
no additional text on these experiments is included. 
1-3.8 Higher Mental Functions, Motion Sickness 
1-3. S1 Hipher Mental Functions - The Objective of this experiment is analogous 
to that if 1-3. 6al, to determine any changes that have occurred in particular skills o r  
functions a s  the result of a prolonged exposure to partial gravity. Most of the defini- 
tion and analysis aspects of this experiment is identical to 1-1. 31, the only variations- 
being those described o r  implied in comparing 1-3. 6al to 1-1. lal. Because of these 
commonalities, no additional text on this experiment is required. 
1.4.0 Ph~siological Acclimatization to Zero-q. - This series lasts for 42 days 
(Phase VII in Figure 40) and provides the zero-g baseline for the same crew members 
who will have been used as  subjects in the experiments described above for the arti- 
ficial gravity phases of the mission. The initial phase of the zero-g protocol consists 
of a reevaluation of any tendency for  space sickness to occur after a lengthy period of 
partial gravity. The protocol is the same as  that for  the space sickness evaluation in 
Phase I except that no examination is made of the effectiveness of low levels of g in 
subsequently alleviating the syndrome. Instead, if space sickness does occur in 
Phase VII, its rate of spontaneous disappearance is measured. (In the Apollo missions 
it has not lasted more than four o r  five days.) 
Following this series, the major portion is initiated with a test protocol identical 
with that of the partial gravity experiment. The purposes of this repetition is to deter- 
mine the six-week equilibrium level for physiological acclimatization to zero gravity 
and with previously determined baselines on the ground at 1 g. The results will also 
be compared with similar series carried out in Skylab I. 
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1-4.1 Space Sickness ( Agravic Syndrome) 
1-4. la l  Motion Sickness Diagnosis - The Objective of this experiment is to deter- 
mine severity of motion sickness signs and symptoms as a function of duration of ex- 
posure to zero-g following habituation to partial gravity. 
The Experimental Source Reference for this study is the AGC. The Measured 
Phenomena are  the signs and symptoms of motion sickness severity. Both the cosmo- 
nauts of second and third generation Soviet space craft and Apollo astronauts have . 
reported symptoms of motion sickness concurrent with their exposures to weightless- 
ness, the problem presently theorized to be the result of intersensory conflicts caused 
by the deafferentation of the otoliths and/or the lower body mechanoreceptors. Five 
of the six crewmen on the Apollo 8 and 9 missions reported symptoms ranging from 
mild stomach awareness when head o r  mody motions were performed in the weightless 
environment to nausea and vomiting by one crewinan. The symptoms persisted from 
2 hours to 5 days after which adaptation allowed movement without symptoms occurring. 
One Apollo 10 crewman also had stomach awareness lasting 2 days. It appears that 
the opportunity to move about more freely in the Apollo cabin and the more spacious 
Soviet craft is a factor producing the motion sickness problem. Sensory inputs from 
the semicircular canals and vision conflict with the signals from the deafferented 
linear gravity receptors, and/or, possibly, the altered activity of the otoliths enhances 
the canalicular inputs. This is a significant problem which must, and can only, be 
resolved through spacebased experimentation, for it can markedly affect astronaut 
performance. 
The Major Instruments o r  apparatus (Experiment-peculiar) include the Subject 
questionnaires, which a re  designed to establish motion sickness severity levels through 
the use of the diagnostic criteria developed at the NAMI, Pensacola. The NAMI severity 
rating scheme is presented in Experiment 1-1. lj l .  The Subject Pre-Test State is "com- 
plete" habituation (nominally a 42-day exposure) to partial gravity with non-habituation 
to zero gravity, the EPO ratings for this factor being excellent for  all except ' a' which 
cannot provide an habitable environment for that length of rotation. The Test Subject 
Activity consists of reporting, as they occur, the signs and symptoms of motion sick- 
ness severity --doing so by responding to the questionnaire. EPO ratings for  Test 
Subject Activity a r e  the same as for  1-1. l a  1 ' 
The experiment's Total Time is set at 5 days --the longest period of motion 
sickness persistence in any of the manned flights to date. The EPO ratings a re  excel- 
lent for all, since all EPOs will be associated with a zero-gravity environment of long- 
duration habitability. Each day's record of signs and symptoms is considered a test 
repetition, the Interval, therefore, is 24 hours. Number of Data Points per subject 
per  total experiment is 25: 5 repetitions, 5 basic criteria (nausea syndrome, skin 
color, cold sweating, salivation, and drowsiness). Subject Time per  Data Point is 
estimated a s  0.034 hour, although this is an extremely unpredictable factor. 
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The g-level environment is nominal zero gravity, with all EPO ratings being 
excellent. Other Measurement Environment parameters a re  not applicable (NA) . 
Experiment Objective Attainment EPO ratings a r e  all excellent except for EPO ' a' 
which is rated unacceptable because of its Subject Pre-Test State rating. Crew Time 
per Data Point is 0.051 hour. Equipment Weight and Volume are  not significant. 
1-4. lbl  Nonrotational Oculogvral Illusion - The Objective of this experiment is 
to determine the tendency to visual illusory responses to head turns performed in zero 
gravity following habituation to partial gravity. 
The Experimental Source Reference for  this study i s  the AGC . The Measured 
Phenomenon i s  the magnitude of oculogyral illusion, the illusory movement, resulting 
from head rotation of a viewed target fixed relative to the Subject. Following substan- 
tial habituation to the rotation of artificial gravity, head rotations in zero gravity may 
produce oculogyral illusions (OGYs) by either, o r  a combination of, two mechanisms: 
The expression of compensatory responses conditioned to null out perrotational vesti- 
bulo- ocular coriolis effects, and/or the expression of altered vestibulo-ocular respon- 
ses  due to deafferented otoliths. Whatever the causes, it is important to assay the 
net effects, a s  the magnitude of the OGYs occasioned by head movements can be used 
to predict the probabilities of more serious sensory-motor and neuro-vegetative 
problems occurring before they are  initiated. 
Common-use equipment are  a restraint chair o r  couch, a verbal instruction 
tape, and a voice log for  recording the subjective estimations of the OGYs. Major 
Instruments o r  Apparatus (Experiment-peculiar) are  a bite-board and its attachment 
to the couch, and an OGY target. The Subject Pre-Test State is the same as for ~ x p e d -  
ment 1-4. lal .  The Test  Subject Activity is the same a s  f o r  1-1. l a l .  ,Total Time of 
the experiment and i ts  EPO ratings a r e  the same as  fo r  1-4. lal ,  as is the repetition 
Interval. Number of Data Points per  Subject per  total experiment is 65: 5 repetitions, 
13 data points (12 from two sharpened OGYs, and one from a single habituation head- 
turn sequence) per  repetition. Subject Time per  repetition is 45 minutes (35 minutes 
for  sharpened OGYs, 10 minutes for habituation headturn sequence). Time per  Data 
Point is 0.058 hour. 
The Measurement Environment is the same as for 1-4. lal. Experiment Objec- 
tive Attainment EPO ratings a r e  the same as for  1-4. l a l  Crew Time per  Data Point 
is 0.006 hour. Equipment Weight and Volume are  8 lb. and 2 ft3. 
1-4. lpl  Perrotational Oculogvral Illusion - The Objective is to determine any 
changes iri vestibulo-ocular sensitivity to coriolis stimuli, using the relatively sensi- 
tive measure of the oculogyral illusion, as a function of zem-gravity exposure follow- 
ing habituation to partial gravity. 
The Experimental Source Reference for  this study is the AGC. The Measured 
Phenomenon is the same as for  Experiment 1-1. lal. This experiment, performed 
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with the subject' s otoliths at the center of environmental rotation and thus at  essentially 
zero-g, will provide needed data points for understanding- the mechanisms of vestibular 
habituation and the otolith./canalicular interactions. The recovery curve of vestibulo- 
ocular sensitivity to coriolis stimuli a s  a function of duration of zero-gravity exposure 
following "complete" rotational habituation can be compared with Skylab MI31 perrota- 
tional OGY responses --involving coriolis stimuli, deafferented otoliths, and vestibulo- 
ocular reflexes unhabituated to rotation --, and groundbased post-rotational recovery 
curves involving otoliths exposed to nornogravity . 
Common-use equipment a re  the same as forI-1. l a  Major Instruments o r  1 ' Apparatus (Experiment-peculiar) are the same as  1-1. l a  with the exception that the 1' 
unacceptability of short-duration vehicular rotation requlres that a concentric (Subjectt s 
head concentric with the spin axis) rotational device be provided in EPOs ' dl and ' el . 
The Subject' s Pre-Test State is the same as  for 1-4. lal ,  including the EPO ratings. 
The Subjectt s Activity and its EPO ratings a re  the same as  for  1-1. lal. Total Time 
of the experiment and its EPO ratings a re  the same as for 1-4. lal, as is the repeti- 
tion Interval. The g-Level requirements include the provision of zero gravity at the 
otoliths even while the Subject is being rotated. The EPO ratings for this factor a re  
excellent for all except EPO ' a' which does not facilitate placement of the Subject1 s 
head at the spin axis. The g-Gradient Ratio requirement is one. EPO ratings for this 
factor a r e  the same as  fo r  g-level . The RPM requirements range from 0.5 to 10.0 ,- with 
the EPO ratings being excellent for all, since EPOs ' dl and ' el a re  provided with a 
rotating litter chair to provide concentric rotation of the Subject. Angular Acceleration 
requirements a re  that angular velocity changes be performed at less than 0. lo/second2. 
EPO ratings for this factor a re  excellent for the short-radius EPOs and for the rotating 
chair that would be used in EPOs ' d' and ' el . The Number of Data Points per  repeti- 
tion is the same as  for 1-1. lal  giving a Total Number of Data Points of 30. Subject 
Time per  Data Point is 0.1 hour. 
Experiment Objective Attainment EPO ratings a re  the same a s  for  1-4. lal. Crew 
Time per  Data Point is 0.2 hour. . Weight and Volume of Experimental Equipment is 
5 lb. and 0.9 ft3 for EPOs a', ' b l ,  and c' (they can be used to provide short-duration 
rotational profiles), and 200 lb. and 19.5 ft3 for EPOs ' d' and ' ef , since they must be 
provided with a device for  short-duration rotation. 
1-4. ldl  Proprioceptive Extinction of Aaravic Illusions - The Objective is to deter- 
mine what levels of proprioceptive cues a re  needed to extinguish agravic illusions a s  a 
function of exposure to zero gravity following habituation to partial gravity. 
The Experimental Source Reference is the AGC. The Measured Phenomena a re  
the shoulder and/or foot pressure levels required to extinguish agravic illusions. In 
determining if these mechanoreceptor cues can attenuate o r  extinguish agravic illusions 
while otoliths remain deafferented, significant information will be provided a s  to the 
cause and prevention of this problem . 
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Common-use equipment include data management facilities to record analog 
information. Major Instruments o r  Apparatus (Experiment-peculiar) include shoulder 
and foot harness restraints with servo-cont rolled tension adjustments. The Subject 
Pre-Test State is the same as for  1-4. la l .  Test Subject1 s Activity consists of donning 
the shoulder and foot restraints and increasing their tensions, indivudually and together, 
until pressure ceilings o r  illusion extinctions have been reached -- whichever occurs 
first. EPO ratings for t h i s  factor a re  the same a s  for I-4.la Number of Data Points 1' per  Subject per  experiment is 20:5 repetitions, 4 data points per  repetition (shoulders 
o r  feet alone; shoulders o r  feet set at an infra-extinction constant and the alternate 
mode increased to extinction o r  pressure ceiling). Subject Time per  repetition is 35 
minutes (10 minutes setup, 20 minutes test, 5 minutes cleanup). Time per  Data Point 
is 0.045 hour. Total Time of Experiment and its EPO ratings a r e  the same as  for 
The Measurement Environment and its EPO ratings a re  the same as for 1-4. lal. 
Experiment Objective Attainment EPO ratings a re  the same as  for  1-4. l a  . Crew 
Time per  Data Point is 0.29 hour. Weight and Volume of Experimental quipment a re  
7 lb. and 1.5 ft3. 
E? 
1-4. le l  Performance After Gross Body Movement - The Objective is to determine 
perceptual-motor skill immediately following gross body motion as  a function of dura- 
tion of exposure to zero gravity after habituation to partial gravity. 
The Experimental Source Reference is the AGC. The Measured Phenomenon i s  
the level of perceptual-motor performance. Head movemsnts and gross body move - 
ments appear to be required to initiate the agravic syndrome. 
Within such a context, psychomoto r performance could be significantly degraded-- 
especially if the task involved head movements that aggravated the psychophysiologic 
problems. It is necessary that the ability of crewmen to perform a psychomotor task 
interspersed by head motions and gross body movements be determined a s  a function 
of duration of exposure to zero gravity following habituation to partial gravity. 
Common-use and Experiment-peculiar equipment a re  the same as  for  Experi- 
ment 1-1. lcl .  The Subject Pre-Test State and EPO ratings a re  the same as  for 
- 4  a .  The Test Subject Activity is the same as  for  1-1. lc l  with the exception that 
the subject is required to make a single translation around the test room between each 
sequence of RATER trials. The EPO ratings for the Subject Activity are  the same as  
for 1-4. lal. Number of Data Points per  Subject per  repetition is the same as  for  
1-1. lc l  . The Total Time of the experiment is 5 days and the repetition Interval is 
24 hours, giving a Total Number of Data Points per  Subject of 900. Subject Time per  
Data Point is 0.009 hour. The EPO ratings for Total Time are  the same as  for 
1-4. lal. 
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The Measurement Environment and its EPO ratings -are the same as  for  1-4. la  
Experiment Objective Attainment EPO ratings a re  the same as  for I-4.1%. Crew 1' 
Time per  Data Point is 0.018 hour. Weight and Volume of experimental equipment are 
41b. and0.6ft3. 
1-4.2 Vestibular and Related Phenomena 
1-4. 2al Oculoe~ral  Illusion - The Objective of this experiment is to determine 
the tendency to experience visual illusory responses as  a result of head turns performed 
in zero gravity following habituation to partial gravity. 
The Experimental Source Reference for this study is the AGC . The Measured 
Phenomenon is the magnitude of the OGY resulting from each head movement. A s  
such, this experiment differs from Experiment 1-1. l a -  only in the fact that the environ- 
.1 
ment is not rotating and the gravity level is zero. T h s  experiment differs from 1-4. lbl 
only in being restricted to a single cycle of sharpened OGY determinations per  repeti- 
tion while 1-4. lbl utilizes two cycles of sharpened OGY determination separated by an 
habituation headturn sequence. The inclusion of the headturn sequence in 1-4. lbl 
accelerates the habituation process to the zero gravity environment, determining the 
efficacy of this procedure for attenuating the problems of the agravic syndrome, while 
this experiment measures the level of the perceptual problem without altering the 
course of its development. 
Equipment, Subject. Pre-Test State, and the latter 's  EPO ratings a re  the same 
as  fo r  1-4. lal .  Test Subject Activity is the same as  for 1-1. lal. Total Time of the 
experiment and its EPO ratings a re  the same as  fo r  1-4. l a  . Data Points per  repeti- 
t i ~ n  and Subject Time per  Data Point a re  the same as  for t-1. lal. Measurement 
Environment and its EPO ratings a re  the same a s  for 1-4. lal. 
Experiment Objective Attainment EPO ratings a re  the same as for 1-4. l a l .  Crew 
Time per  Data Point and Equipment Weight and Volumes a re  the same as  for 1-1. lal. 
I-4.2b, thru 1-4. 2i1 - The Objective of each of these experiments is analogous 
to that of 1-4: 2a , to determine any changes in particular skills o r  functions as the 1 
result of zero gravity exposure following habituatiori to partial gravity. 
The importance of these tests relate to the probable need that crew personnel, 
habituated to artificial gravity, function'in subsecpent zero gravity on an operational 
basis for duties in zero gravity modules o r  for reentry, o r  on an emergency basis if 
malfunction requires spindown. Most of the definition and analysis aspects of each of 
these experiments a re  identical to  its counterpart in the experiment group 1-1. lbl 
thru 1-1. l j l  (1-1. lil, Postural Balance, does not have a zero gravity counterpart), 
the only variations being those described o r  implied in comparing 1-4. 2al to 1-1. l a  . t Because of these commonalities, no additional text on these experiments is requir . 
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1-4.3 Neuro~hy~iological Functions 
1-4. 3al thru 1-4. 3cl - The Objective of each of these experiments is analogous 
to that of 4. 2al, to determine any changes in particular skills o r  functions as  the 
result of zero-gravity exposure following habituation to partial gravity. Most of the 
definition and analysis aspects of each of these experiments are  identical to its counter- 
part in the experiment group 1-1. 2al thru I- 1. 2cl, the only variations being those 
described o r  implied in comparing 1-4. 2al to 1-1. lal. Because of these commonalities, 
no additional text on these experiments is required. 
1-4.4 Higher Mental Functions, Motion Sickness 
1-4. 41 Higher Mental Functions - The Objective of this experiment is analogous 
to that of 4. 2al ,  to determine any changes in particular skills o r  functions as  the 
result of zero-gravity exposure following habituation to partial gravity. Most of the 
definition and analysis aspects of this experiment are  identical to I-1.31, the only 
variations being those described o r  implied in comparing 1-4. 2al to 1-1. lal .  Because 
of these commonalities, no additional tzxt on these experiments is required. 
1-4.5 Cardiovascular Svstem 
1-4. 5a(ljl Electrocardiogram - The Objective of this experiment is to determine 
changes in the activities of the heart as  a function of duration of exposure to zero gravity 
by recording the scalar sum of the action potentials of the myocardium. 
The Experimental Source Reference for this study is the AGC. The measured 
phenomenon is the time-rate of fluctuations of the scalar sum of the action potentials 
of the myocardial fibers as  transmitted to the surface of the body by the body fluids 
acting as  a volume conductor. This experiment differs from I-3.la(l) only in the 
fact that the environment is not rotating and the gravity level is zero. $bus, it pro- 
vides the desired comparison with the partial gravity data (I-3.la(l) ) and the normo- 
gravity data generated on the ground. 1 
- 
The equipment is the same as  for  1-3. la(l)l. The Subject Pre-Test State is one 
of having been habituated to partial gravity (Phases 11 thru VI in Figure 40) and under- 
going prolonged exposure to zero gravity (Phase VII), the EPO ratings for  this factor 
being excellent for all except EPO ' a' which cannot provide the partial gravity habitua- 
tion. Test Subject Activity and its EPO ratings are  the same as for 1-3. la(l)l.  Total 
Time of the experiment is the same as 1-3. la(l)l,  with the EPO ratings excellent for 
all. Repetition Inteval, Number of Data Points, and Subject Time per Data Point are  
all the same as 1-3. la(l)l .  Measurement Environment and its EPO ratings a re  the 
same as  for 1-4. lal. 
Experiment Objective Attainment EPO ratings a re the  same as for  1-4. lal. Crew 
Time per  Data Point, and Weight and Volume of Experimental Equipment a re  the same 
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a s  for 1-3. la(l)l. 
1-4. 5a(2)1 thru 1-4. 5h(4)1 - The Objective of each of these experiments is analo- 
gous to that of 1-4. 5a(l)l, to determine any changes in particular functions as  the 
result of prolonged zerosravity exposure. Most of the definition and analysis aspects 
of each of these experiments a re  identical to its counterpart in the experiment group 
1-3. la(2)1 thru 1-3 . lh(4)1, the only variations being those described o r  implied in com- 
paring 1-4. 5a(l)l to 1-3. la(l)l.  Because of these commonalities, no additional text 
on these experiments is required. 
1-4.6 Fluid Balance and Skeletal Experiments 
I-4.6al thru 1-4. 6il - The Objective of each of these experiments is analogous 
to that of 1-4. 5a(l)l, to determine any changes in particular functions as the result of 
prolonged zero-gravity exposure. Most of the definition and analysis aspects of each 
of these experiments a re  identical to its counterpart in the experiment group 1-3. 2al 
thru I-3.3b , the only variations being those described o r  implied in comparing 1 1-4. 5a(l)l to I-3. la(l)l. Because of these commonalities, no additional text on these 
experiments is required. 
1-4.7 Pulmonarv Function 
1-4 7al thru 1-4. 7cl - The Objective of each of these experiments is analogous L
to that if 1-4. 5a(l)l, to determine any changes in particular functions as the result of 
prolonged zero-gravity exposure. Most of the definition and analysis aspects of each 
of these experiments a re  identical to its counterpart in the experiment group 3.4al 
thru 3. 4cl, the only variations being those described o r  implied in comparing I-4.5a(l) 1 
to I-3.la(l)l.  Because of these commonalities, no additional text on these experiments 
is required. 
1-4.8 Renal Function 
1-4. 8al thru 1-4. 8bl - The Objective of each of these experiments is analogous 
to that if 1-4. 5a(l)l, to determine any changes in particular functions as the result of 
prolonged zero-gravity exposure. Most of the definition and analysis aspects of each 
of these experiments a re  identical to its counterpart in the experiment group 1-3. 5al 
and I. 5bl, the only variations being those described o r  implied in comparing 1-4. 5a(l)l 
to I-3.1(1) . Because of these commonalities, no additional text on these experiments 
is requir eJ . 
1-5.0 Physiological Reconditioning - It is hypothesized that artificial gravity 
will be beneficial in overcoming the physiologic deconditioning (or zero-g adaptation) 
that will take place during prolonged zero-g exposure. Space flight experience to date 
has shown that there a re  certain measurable changes in the cardiovascular and musculo- 
skeletal systems associated with zero-gravity exposures. Although these changes have 
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not been detrimental in flight, postflight measurements have shown a reduction in 
tolerance to lower body negative pressure (LBNP) and vertic-al tilting and altered body 
fluid balance and bone desnity. Most of these observed changes have returned to near 
base line levels within 48 hours after reentry. The extent to which they occur in long 
duration flights and the time line of their manifestation will be assessed in greater de- 
tail in Skylab I a s  well as in the artificial-g study. There is no available data to pre- 
dict physiologic conditions as measured. Moreover, to date there has been inadequate 
attention paid to tolerance to g forces that will be imposed on crew members by shuttle 
type reentry vehicles after their exposure to weightlessness. 
The purpose of this experimental phase (Phase VIU in Figure 40) is to determine 
what effect 72 hours of artificial-g exposure immediately before reentry will have on 
reacclimiatizing the crew to earth-normal conditions. The experimental method to 
accomplish this is initiated five days before reentry, with the EPO being spun up to 
maximum tolerated o to give a maximum g-level. The tolerance limit to angular 
velocity will be determined a s  that point at which the first crew member exhibits any 
untoward physiologic o r  psychologic discomfort, incapacitation of any degree being 
carefully avoided. This g-level will be achieved in a stepwise fashion, with each 2 rpm 
step of minimum duration so that no more than 48 hours is required to reach maximum 
g. This level will be maintained for 72 hours. A t  each rpm step and during the first  
12 hours after the ceiling is reached, angular velocity tolerance will be tested. During 
the 72 hours at maximum g, the appropriate tests of cardiovascular function, fluid 
balance and skeletal function will be performed. The vehicle will then be de-spun and 
reentry accomplished a s  soon a s  possible thereafter. 
1-5.1 Vestibular and Related Phenomena 
1-5. l a l  thru 1-5. lil - The Objective of these experiments is to determine angular 
velocity tolerance following habituation to zero gravity. Most of the definition and 
analysis aspects of each of these experiments a re  the same as  those of their counter- 
part in experiment group 1-1. lal  thru 1-1. 1 j  Only those aspects entailing differences 1' 
will be discussed here. The Subject Pre-Test State for the group is one of initial 
habituation to zero gravity due to the preceding 42-day exposure, with a complete ab- 
sence of, o r  only partial, habituation to each spin rate/g-level environment--depend- 
ing upon the position of the individual test in the battery sequence. For  example, 
1-5. ldl and 1-5. l e l  tasks are  performed after some habituation has been acquired due 
to the substantial head movements required by I- 5. lc l  . 
Total Time of each experiment is 2.5 days, with repetition intervals of 12 hours. 
The number of data points per  repetition is the same as for  the Phase II/III counter- 
parts. The g-level requirements range from 0.9 to 1.0, derived from spin rate re- 
quirements of 2 to 10 rpm at the maximal radius of 64 feet. Since multi-radius testing 
is not required a s  in the Phase II/III experiments, EPO ratings for these experiments 
a re  based purely on g-level provision, reducing EPOs ' b' and c' ratings to poor, and 
reducing EPO ' e' to a fair  rating. The g-Gradient Ratio requirement is 0.6, with 
EPO ratings unchanged from Phase II/III experiments. . 
Experiment Objective Attainment EPO ratings a re  improved relative to Phase II/ 
III, for several of the experiments in the group since the rpm (the most critical inde- 
pendent variable) provision ratings a re  unchanged and the multi-radius testing required 
and which indirectly lowered their attainment ratings -- i s  not required in Phase VIII. 
The ratings a re  improved to good for EPOs ' b' and ' c' and to fair for EPO ' d' . The 
essentially unchanged experiments, relative to Phases II/III Experiment Objective 
Attainment EPO ratings, are 1-5. ldl and 1-5. l e l  (their positions in the battery se- 
quence reduce their effectiveness a s  tests of rotational tolerance) and 1-5. l g  thm 
1-5. lil (which involve functions that a r e  principally sensitive to g-level, rather than 
spin rate. 
1-5. lcp Performance After Head Motion - The Objective of this experiment is 
to determine angular velocity tolerance following habituation to zero gravity. The 
Experimental Source Reference for this study is GDC. ~ h k  Measured Phenomena a re  
OGY magnitudes, headturn rates, and perceptual-motor (RATER) task performance 
parameters. This experiment combines aspects of 1-1. la3 (the OGY experiment) and 
1-1. lc3  (the RATER experiment) into a single design that provides both a sensitive 
psychophysi cal index of responsivity to angular velocity and a psychomotor index of 
angular velocity tolerance. 
Common-use equipment include data management facilities for  analog and digital 
signals. Major bstruments o r  Apparatus (Experiment-peculiar) include the RATER, 
headturn potentiometers and restraints, and the OGY target. The Subject Pre-Test 
State and its EPO ratings a re  the same as  for  1-5. lcl .  The Test Subject Activity and 
its EPO ratings a re  the same as for 1-1. lc3 with the exception that repetitions are c o p  
ducted only at maximal radius for each rpm . Total Time of the experiment and i ts  
EPO ratings a re  the same as  for  1-5. l c l  . The repetition Interval ranges from 2 hours 
to 16 hours (overnight), the five repetitions spaced equally across the stepwise rpm 
increases required to reach the 1.0 g level. Total Number of Data Points per  experi- 
ment per  Subject is 1030: 900 from the RATER (5 repetitions, 180 data points per  
repetition) and 130 from sharpened OGY and habituation headturn sequences (10 repeti- 
tions, 13 data points pe r  repetition). Based on a total time penalty of 20 hours, the 
Subject Time per  Data Point is 0.02 hour . 
The g-level requirement is the same as for 1-5. lcl, with the EPO ratings the 
same a s  fo r  1-1. lg3. The g-Gradient Ratio and its EPO ratings a re  the same as for  
1 - 5 . c  . The rpm range specification and its EPO ratings a re  the same as  for 1-1. lg3, 
with the spin rates required to incrementally reach 1.0 g using the short-radius EPOs 
being the same as  designated in 11-3. 13. 
The Experiment Objective Attainment EPO ratings a re  the same as  for 1-5. lcl. 
Crew Time per  Data Point is 0.04 hour . Equipment Weight and Volume per  Experiment 
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a re  the same as  for  1-1. lc3. 
1-5. l j 3  Gastrointestinal Function - The Objective of this experiment is to deter- 
mine angular velocity tolerance following habituation to zero gravity by measuring 
neurovegetative responses to sequences of headturns performed relative to the plane 
of rotation. 
The Experimental Source Reference for this study is GDC. The Measured Phe - 
nomena a re  the same as  for  Experiment 1-1. ljl.  Common-use and Experiment 
peculiar equipment a re  the same as  for 1-1. l j g  . The Subject Pre-Test State and its 
EPO ratings a re  the same as  for  1-5. lcl. The Subject' s Activity and its EPO ratings 
a re  the same as  for  1-1. lj3. Total Time of the Experiment and its EPO ratings a re  
the same as  for 1-5. lcl. The repetition Interval ranges from 4 hours to 16 hours 
(overnight). Total number of data points per  repetition is the same a s  for  1-1. l j  3' giving a Total Number of data points per  Subject per experiment of 35 (5 repetitions, 
7 data points per  repetition). Since the vestibular stimulus for this experiment involves 
the headturn sequences of 1-5. l c  the two experiments being done in concurrence, the 3' 
total time penalty for this experiment is limited to 4.0 hours, giving a Subject Time 
per  Data point of 0.14 hour as  in 1-1. l j3 .  The Measurement Environment specifica- 
tions and their EPO ratings a re  the same as for 1-5. l j3 .  
The Experiment Objective Attainment EPO ratings are  the same as  for 1-5. lcl. 
Crew Time per Data Point and Equipment Weight and Volume a re  the same a s  for 
1-5.2 Neurophvsiological Functions 
1-5 .2al thru 1-5. 2cl - The Objective of each of these experiments is analogous 
to that of 1-5. lal thru 1-5. l j l ,  to determine any changes that have occurred in the 
angular velocity tolerance of particular skills o r  functions as the result of prolonged 
exposure to zero gravity. 
Many of the definition and analysis aspects of each of these experiments a re  
identical to those of its counterpart in the experiment group I-1.2a thru I - 1 . 2 ~  the 1 1' 
only variations being those described o r  implied in comparing group 1-5. la l  thru 
1-5. l j  with group 1-1. la l  thru 1-1. l j  Because of these commonalities, no additiinal 1 1' 
text on these experiments is required. 
1-5.3 Higher Mental Functions, Motion Sickness 
1-5. 31 Higher Mental Function - The Objective of this experiment is analogous 
to that of 1-5. l a  thru 1-5. l j l ,  to determine any changes that have occurred in the 1 
angular velocity tolerance of particular skills o r  functions as the result of prolonged 
exposure to zero gravity. Many of the definition and analysis aspects of this experi- 
ment a re  identical to those of 1-1. 31, the only variations being those described o r  
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implied in comparing group 1-5. l a l  t hm 1-5. l j l  with group 1-1. la l  t hm 1-1. l j  Be- 1' 
cause of these commonalities, no additional text on these experiments is required. 
1-5 3 Higher Mental Function - The Objective of this experiment is similar to 3
that of experiments 1-5. l a l  thru 1-5. l j l ,  being to determine any changes that have 
occurred in the artificial gravity tolerance of particular skills o r  functions a s  the 
result of prolonged exposure to zero gravity. Many of the definition and analysis 
aspects of this experiment are  identical to Experiment 1-1. 33. Only those aspects 
entailing differences will be discussed here. The Subject Pre-Test State is one of 
habituation to zero gravity followed by vestibular habituation due to a two-day step- 
wise spinup to the angular velocity required to provide 1.0 g, the EPO ratings for 
this factor being the same as  for 1-1. lal. 
Total Time of the experiment is the three days spent at maximum g-level during 
Phase VIII, the EPO ratings being the same as  for 1-1. l a  The repetition Interval 1' is 24 hours, the number of data points per  repetition being the same as  for 1-1. 31, for  
a Total Number of Data Points per  Subject per  experiment of 18. Based on a total 
experimental time penalty of 3.6 hours, the Subject Time per  Data Point is 0.2 hour 
(the same as  for 1-1. 33), The g-Level specification is 1.0, the g-Gradient Ratio 0.06, 
and the rpm no greater than 10. The EPO ratings for  the Measurement Environment 
a re  the same as  for 1-5. lc3. 
The Experiment Objective Attainment EPO ratings are  the same as  for 1-5. lc3. 
Crew Time per  Data Point is the same as  for 1-1. 33. Weight and Volume of Experi- 
mental Equipment are  the same as  for 1-1. 31. 
1-5.4 Cardiovascular Svstem 
1-5. 4a(Ul Electrocardiogram - The Objective of this experiment i s  to determine 
the response of the cardiovascular system to the reconditioning loading of artificial 
gravity following prolonged exposure to zero gravity, the response index being the 
electrocardiogram. Many of the definition and analysis aspects of this experiment a r e  
the same as  those of Experiment 1-3. la(l)l .  Only those aspects entailing differences 
will be discussed here. 
The Subject Pre-Test State is one of habituation to zero gravity followed by some 
vestibular habituation to artificial-g due to a gradualized (two-day) spinup to 1.0 g. 
Total Time of the experiment is 3 days )the last three days prior to abrupt spin down 
and reentry). The repetition Interval is 24 hours. The Measurement Environment 
specifications a re  a g-Level of 1.0, a g-Gradient Ratio of 0.06, and a spin rate not 
exceeding 10. The Measurement Environment EPO ratings a re  the same a s  for 1-5. lal. 
Experiment Objective Attainment EPO ratings a r e  the same as the g-Level ratings, 
since the validity of the experiment is contingent principally on the capability of provid- 
ing the specified g-Level . 
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1-5. 4a(113 E1ectrocardiop;ra.m - The Objective of this experiment is the same as  
for  1-5. 4a(l)l. The Experimental Source Reference is GDC. - Many of the Definition 
and Analysis aspects of this experiment a re  the same a s  for  I-5.4a(l) Only those 
aspects entailing differences will be discussed here. 1 ' 
The Measurement Environment EPO ratings a re  the same as  for 1-5. lc3. The 
Experiment Objective Attainment EPO ratings a re  the same as  the g-Level ratings, 
with the exception that the short-radius EPOs are  decreased to good ratings due to the 
high spin rates (20 rpm) they require to supply 1 g. 
1-5. 4a(2L1 thru 1-5. 4h(4)1 - The Objective of each of these experiments is analo- 
gous to that of 1-5. 4a(l)l,  that is, to determine if there a re  any changes in particular 
cardiovascular responses to artificial gravity loading a s  the result of prolonged expo- 
sure to zero gravity. 
Many of the definition and analysis aspects of each of these experiments is 
identical to its counterpart in the experiment group I - 3 . 1 ~ ~ ( 2 ) ~  thru 1-3. lh(4)1, the 
only variations being those described o r  implied in comparing I-5.4a(l)l to 1-3. la(l)l.  
Because of these commonalities, no additional text on these experiments is required. 
I-5.5a(2)3 thru I-5.4h(4)3 - The Objective of each of these experiments is the 
same as  its counterpart in experiment group 1-5. 4a(2)1 thru 1-5. 4h(4)1. Many of the 
definition and analysis aspects of each of these experiments is identical to its counter- 
part in the experiment group 1-5. 4a(2)1 thru 1-5. 4h(4)1, the only variations being those 
described o r  implied in comparing I-5,4a(1)3 to 1-5. 4a(1)1. Because of these com- 
monalities, no additional text on these experiments is required. 
1-5.5 Fluid Balance 
1-5. 5al thru 1-5. 5fl - The Objective of each of these experiments is analogous 
to that of I-5.4a(l)l, to determine if there a re  any changes in particular physiological 
responses to artificial gravity loading a s  the result of prolonged exposure to zero 
gravity . 
Many of the definition and analysis aspects of each of these experiments is 
identical to those of its counterpart in experiment group 1-3. 2al thru 1-3. 2fl, the only 
variations being those described o r  implied in comparing 1-5. 4a(l)l to 1-3. la(1)l. 
Because of these commonalities, no additional text on these experiments is required. 
1-5. 5a3 thru 1-5. 5f3 - The Objective of each of these experiments is the same 
a s  that of its counterpart in experiment group 1-5. 5al thru 1-5. 5fl. Many of the 
definition and analysis aspects of each of these experiments is identical to its counter- 
part in the experiment group 1-5. 5al thru I-5.5f l, the only variations being those 
described o r  implied in comparing 1-5. 4a(1)3 to 1-5. 4a(l)l. Because of these commonal- 
ities, no additional text on these experiments is required. 
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1-5.6 Skeletal Experiments 
I-5.6a and I-5.6b - The Objective of each'of these experiments is analogous 
1: 
d- to that?k?4a(l) to etermine if there a re  any changes in particular physiological 
responses to artificial gravity loading a s  the result of prolonged exposure to zero 
gravity . 
Many of the definition and analysis aspects of each of these experiments is iden- 
tical to those of its counterpart in experiment group 1-3. 3al and I-3.3b , the only 
variations being those described o r  implied in comparing I-5.4a(l) to f-3.la(l) 1 1;' Because of these commonalities, no additional text on these experiments is required. 
1-5. 6a3 and 1-5. 6b3 - The Objective of each of these experiments is the same as 
that of its counterpart in experiment group I-5.6a and I-5.6b Many of the definition 1 1' 
and analysis aspects of each of these experiments is identical to its counterpart in the 
experiment group 1-5. 6al and 1-5. 6bl, the only variations being those described o r  
implied in comparing 1-5. 4a(1)3 to 1-5. 4a(1)1. Because of these commonalities, no 
additional text on these experiments is required. 
I- 5.7 Pulmonary Function 
1-5. 7al thru 1-5. 7cl - The Objective of each of these experiments is analogous 
to that of I-5.4a(l) to determine if there a re  any changes in particular physiological 1' 
responses to artificial gravity loading as the result of prolonged exposure to zero gravity.. 
Many of the definition and anaLysis aspects of each of these experiments is identi- 
cal to those of its counterpart in experiment group 1-3. 4al thru 1-3. 4cl, the only varia- 
tions being those described o r  implied in comparing I-5.4a(l)l to 1-3. la(l)l. Because 
of these commonalities, no additional text on these experiments is required. 
6.0 Space Sickness - The term space sickness (also termed the agravic syndrome) 
a s  used in this experiment, will include all stages of the development of the syndrome. 
Thus, it will include illusions of inversion and of other changes in body position, dis- 
orientation, sensations of dizziness, anorexia, headache, stomach awareness, nausea, 
vomiting and fatigue. The picture as  discussed previously under Experiment 1-4. l a  
is apparently identical with that produced in motion sickness, except that it can be 1' 
present even when there is little o r  no vehicular motion. 
Space sickness has been observed in a t  least three Russian Cosmonauts, in a 
very mild form in Gemini VII, and more seriously in Apollo 8, 9, and perhaps 7. In 
the Apollo 8 and 9 missions, five out of six crew members were affected, one seriously 
enough to be cause vomiting and performance decrement. Current knowledge of the 
space sickness syndrome is very limited. 
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The current major theory is that disagreement between major sensory input 
channels as to the force field to which the body is exposed leads to the development of 
the syndrome. In weightlessness, vision and cognition indicate the normal environment, 
while proprioception and the otoliths tend to indicate free fall. The Russians noted in 
the Voskhod 11 flight that these illusions disappeared as the reentry g' s were applied. 
Artificial-g should do the same. 
Since space sickness is induced only in weightlessness, no detailed experimental 
work is currently underway. The only data being collected a re  the subjective sensations 
of the astronauts on Apollo Missions who might be affected with the space sickness. 
Additional data is available from zero-g parabolic flights in aircraft, but these results 
must always be interpreted with caution because of the short duration and the complica- 
tions of the aircraft maneuvers. 
The hypothesis underlying this experiment is that any space sickness which may 
be present during the weightless period of flight (Phase VII in Figure 40) will be allevia- 
ted at some g-level achieved by vehicle rotation. The purpose is now to find out at 
what g-lmel this occurs. 
The test protocol consists of two stages. The first stage, carried out soon after 
the initiation of weightlessness, will be an assessment of any space sickness that might 
be present. This will be established by two methods: questionnaires and objective 
tests. The questionnaire will be similar to that used at NAMI to establish the presence 
of motion sickness. It will be filled out by each of the crew members during the weight- 
less period both prior to and concurrent with the conduct of the objective tests. There 
will be several objective tests. The first test consists of the crew member carrying 
out standardized head movements according to the regular Graybiel standardized NAMI 
schedule for  assessing incidence of motion sickness in the slow rotating room. Coriolis 
vestibular stimuli must be avoided, therefore, the test is designed to examine sus- 
ceptibility to motion sickness as  it might be induced by interaction of a weightless 
otolith system with a normal series of head movements. Quantitation is possible by 
comparison with similar tests carried out on the ground. The next experiment consists 
of the crew member undergoing a modified version of the Skylab MI31 test, to examine 
the vestibular Coriolis thresholds at  zero-g . In the next test, the crew member inter- 
sperses a perceptual motor console task with required head movements and planned 
traverses of the working compartment. The final test assesses the extent to which the 
syndrome may be altered o r  alleviated by procedures such as  the application of pres- 
sure to different parts of the body. 
The second stage of the protocol begins with the vehicle being spun up to a low 
g-level followed by a determination of the extent to which any space sickness which may 
have been present during the weightless period has been attenuated. The assay will 
consist of a summary type of questionnaire, together with a repeat of the objective 
investigations described above. 
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1-6 Oa Motion Sickness Diagnosis - The Objective of this experiment is to L1 determine severity of motion sickness signs and symptoms a s  a function of exposure 
to zero-g following orbital insertion. Many of the definition and analysis aspects of 
this experiment a re  the same as  those of Experiment 1-4. l a  Only those aspects 
entailing differences will be discussed here. 1 ' 
The Subject Pre-Test State is one of non-habituation to zero gravity, the EPO 
ratings being excellent for all. The Total Time of the experiment is 1.5 days, the 
repetition Interval not to exceed 12 hours. The number of data points per  repetition 
is the same a s  for 1-4. l a  , giving a total Number of Data Points per  experiment of 1 15. The Measurement Environment and its EPO ratings are  the same as  for Experi- 
ment 1-4. l a  with the exception that a final repetition is to be conducted at the minimal 1' g-level that appears to extinguish the motion sickness aspects of the space sickness 
syndrome. Experiment Objective A ttainment EPO ratings a re  excellent for all. 
1-6. Obl thru 1-6. Oel - The Objective of each of these experiments is analogous 
to that of 1-6. Oal, to determine severity of manifestation of particular aspects of the 
space sickness syndrome as  a function of exposure to zero-g following orbital insertion 
Many of the definition and analysis aspects of each of these experiments a re  identical 
to those of its counterpart in experiment group 1-4. lbl thru 1-4. l e  the only varia- 1' 
tions being those described o r  implied in comparing 1-6. Oal to 1-4. l a l  Because of 
these commonalities, no additional text on these experiments is required. 
1-6. Ofl Artificial-g Extinction of Agravic syndrome - The Objective is to deter- 
mine the amount (a product of duration and g-level) of artificial-g required to extinguish 
the symptoms of the agravic syndrome. 
The Experimental Source Reference is the AGC. The Measured Phenomena are  
the extinctions and/or attenuations of the motion sickness signs and symptoms of the 
space sickness syndrome, and the g-level and duration at which they occur. The Sub- 
ject Pre-Test State and EPO ratings a re  the same as  for 1-6. Oal . The Subject Activity 
consists of reporting the changes in space sickness symptoms a s  a function of artificial- 
g exposure, the EPO ratings being excellent for all. The Total Time of the experiment 
is appioximately 0.5 day , although this figure is somewhat arbitrary. The EPO rat- 
ings for this factor a r e  excellent for all except ' a', which is rated poor because of the 
restricted subject mobility required once spinup occurs. The Number of Data Points 
is not fixed and the Subject Time per  Data Point not significant. The g-Level require- 
ment is estimated to be no greater than 0.05 g, the g-Gradient Ratio set at 0.19, and 
the rpm restricted to 2, the first  step of the Phase II/III angular velocity tolerance 
testing. Because of the rpm restriction, the short-radius EPO g-Level ratings a r e  
marginal, while EPO ' d' and ' el ratings are  excellent. The g-Gradient Ratio EPO 
ratings a re  the same as  1-1. lal. The rpm EPO ratings a re  excellent for all. 
Since the validity of the experiment is principally determined by the EPO1 s 
capability to provide the required g-level without exceeding 2 rpm, the Experiment 
Objective Attainment EPO ratings a re  the same a s  the g-level ratings. Crew Time 
per  Data Point, and Equipment Weight and Volume a re  all non-significant . 
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11. Performance 
Performance and habitability at this time are considered to be the significant 
elements for considering artificial gravity where the benefits and deficiencies of arti- 
ficial gravity must be traded off with those of weightlessness. Performance and habit- 
ability are related as performance is regulated by the unique characteristics of the 
artificial gravity environment and habitability is the tailoring of space, equipments, 
and architecture to obtain and sustain optimum performance in the unique environment. 
The proposed performance experiments are designed, therefore, to examine 
specific elements of human performance that may be sensitive to the characteristics 
of artificial gravity. Generally, these characteris tics do not exist in earth1 s gravity. 
Some relate to static conditions such as the g4eve1, the gravity gradient, and hydro- 
static pressure variations. Others relate to dynamic conditions where man o r  objects 
are moved within the environment, and include coriolis forces and cross-coupled 
angular accelerations, It may be that each characteristic will influence performance. 
It is not known which are most critical to performance o r  to which man can adapt with- 
out decrements in performance. Some are dependent on position and direction of mo- 
tion and the influence of the characteristics will not be consistent s o  that adaptation 
may be difficult. Superimposed on human performance is man's neurophysiological 
tolerance to the rotating environment. This basically has been considered an adapta- 
tion to rotation, where such adaptation occurs by continued exposure of man moving, 
particularly his head, in the environment and is measured by psychomotor perform- 
ance equivalent to that without rotation. Whether such adaptation constitutes an accept- 
ance of the environment for extended periods is not clear. Decrements in performance 
could be experienced during such extended periods. 
The sub-categories of performance for which experiments are proposed are:. 
Self-locomotion 
Artificial-g/zero-g transition 
Cargo handling 
Gross Motor Performance 
Fine motor performance 
Taxis 
Passive radial locomotion 
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The number of performance experiments proposed by the AGC does not warrant 
grouping them below the level of sub-category - in contrast with the medical/physio- 
logical experiments. 
11-1.0 Self-Locomotion - The common objective of the experiments in this sub- 
category is to define the effectiveness of self-locomotion - both walking and climbing 
- within a nominal range of artificial gravity environments. 
The peculiarities of a rotating environment are such as to cause extraneous 
forces and moments to be experienced by persons while walking and climbing that may 
cause difficulties and discomfort. Calculations of these factors have been made; 
however, experimentation of their influence is required. 
A limited number of walking tests have been performed in the slow rotation 
room at NAMI with the subjects horizontal with respect to the earth vertical. For 
this purpose the subjects were fitted with articulated fiberglass body molds which 
were supported by airbearing supports. The subjects were therefore free to walk on 
the walls of the room. Although examination of walking ability was not the 
object of these tests, the results in general indicated that subjects could walk reason- 
ably well at the 0.2 to 0. 25 g-levels (at a 10-foot radius). Some preliminary tests in 
the LRC rotating vehicle simulator were made with subjects suspended from slings and 
walking on a circular wall of 20-foot radius. The preliminary indications were that 
the subjects could walk at artificial g-levels as low as 0.14-g, although the subjects 
accelerated rather slowly at that low g-level. At higher g-levels (0.5-g and above) 
subjects reported leg heaviness and sensations of climbing out of depressions. The 
tests performed were mainly subjective in nature and objective results are required 
to establish how the various artificial-g factors will affect the subjectf s performance. 
Tests performed in the 1/6-g-simulator at LRC indicated a comparative ease of loco- 
motion at the 1/6 g-level which was later confirmed by the lunar walks. 
In the spacebased artificial-g experiments it is necessary to determine the mini- 
mum ?-level required for locomotion and the g-level and radius of rotation at which 
the locomotion is most efficient, since the groundbased data are biased by the earth 
gravity vector. Similarly, the maximum speeds of walking with and against rotation 
and energy expenditures of perrotational self-locomotion must be verified in artificial- 
g. In dicial-g, axial walking as well as walking tangentially with and against rota- 
tion will be used by the astronauts. While considerable experience in walking with 
and against rotation will probably be obtained in groundbased tests very little data 
will be generated in axial walking because of the constraints required to support the 
subject in the horizontal attitude, also very little data will be generated in the ground- 
based tests for the case where the subject turns to reverse his direction. Since 
coriolis forces will not be generated in axial walking, while they are  in walking tangen- 
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tially, there may be problems in adaptation when the directions of walking are repeat- 
edly varied. Therefore, experiments in the artificial-g environment are required to 
establish whether any serious problems exist. 
Although estimates of the effects of crew motions on station stability will be 
made on the basis of groundbased experiments, measurements in artificial-g are 
required to substantiate these estimates. 
11-1. l1 Minimum Gravity for Self-Locomotion - The Objective is to determine 
7 
the minimum g required for self-locomotion - both for walking and climbing - within 
a nominal range of artif icial-g environments. 
The Experimental Source Reference for this study definition is the AGC. The - 
Measured Phenomena are  the subjectf s walking and climbing effectiveness in various 
rpm/g-level environments as characterized by subjective, cinegraphic, and time-and- 
motion assays. Common-use pieces of equipment involved are two event timers and 
two cinegraphic cameras. Major Instruments or Apparatus (experiment-peculiar) are  
anthropornetric grids, an array of locomotion support options - including stairs,  
ladders, and conventional mobility aids such as rails and handholds - and the subject 
questionnaires. The support options are  storable and can be alternately positioned 
and secured in both tangential and axial orientations. 
As this experiment extends through Phases 11, I11 and IV of the AGC mission pro- 
file depicted in Figure 40, the Subject's Pre-Test State is one of exposure to prolonged 
rotation was substantial habituation to each specific rpm/g-level. The EPO ratings for his 
factor a re  the same as for Experiment 1-1.31 with the exception that EPOs 'b' and 'cl a re  
reduced to fair because of the 57-day duration of the experiment. The Test Subject's Activity 
consists of his performing the self-locomotion activities and making subjective evaluations 
of each locomotion task. A t  each of the 13 rpm/g-level environments tested during Phases I1 & 
111, subject performs 54 self-locomotion trials: three trials in each of the 18 treatment cells 
%required in a testing matrix reflecting three supporting surfaces (flat floor, ladder 
and steps), two paces (nominal and fastest), and three orientations (two tangential and 
one axial). Cine evaluations are facilitated by the subject wearing stretch clothing 
adorned with longitudinal reflecting stripes and performing each locomotion task against 
the photo background of two-dimensional anthropometric grids. Each trial is one com- 
plete cycle of movement whether climbing o r  walking. The event timer records 
elapsed duration for each unidirectional part of the cycle. During Phase IV (the 42-day 
partial-gravity phase of the experiment), each of the three repetitions conducted at 
each rpm/g-level also consists of 54 trials: three trials each in 18 treatment cells 
reflecting the two paces, the three orientations, and three supporting surfaces (all 
flooring: flat, curved o r  segmented). EPO ratings for this factor are unacceptable 
for EPO a t  (no' supporting floor), and excellent for all other EPOs. 
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Total Time of experiment is 57 days (Phase I1 through Phase IV), with the EPO 
tion ratings and rationale the same as, and detailed in, Experiment 1-1. lal. Interval 
ranges from 24 h r  during Phases I1 and I11 to 672 h r  during Phase IV. The nine Phase 
1V repetitions are scheduled three each on the 22nd, 29th and 57th days of the experi- 
ment to maximize the chances for detecting any changes due to long-duration adaptation 
to partial gravity, Total Number of Data Points are 198 (117 during I1 and 111, and 81 
during Phase IV). Subject Time per Data Point averages 0.121. Repetition time is 
1 hr  (20 min. setup, 30 test, 10 cleanup). Data Points for Phases I1 and I11 are 117 
(product of 13 rpm/g-levels, 3 support surfaces, and 3 orientations ). Data points 
during Phase IV are 81 (product of 3 radii, 3 support surfaces, 3 orientations, and 
3 exposure durations to partial gravity. The requirements of the Measurement En- 
vironment are the same as for Experiment 1-1. la l  and the rationale is  detailed there. 
The Option ratings for those factors are the same as for Experiment 1-1. l i l  (Postural 
Balance) and are  discussed in its text, with the marginal ratings for EPOs 'bf and 'cf more 
emphatic because of the subject Pre-Test State ratings. The Experiment Objective Attain- 
ment ratings and discussion are  the same as for 1-1. lil. Astronaut Time per Data Point 
is 0.242 hour. Weight Per Experiment is 20 lb. Volume per Experiment is 5 ft3. 
11-1.1 Minimum Gravity for Self-Locomotion - The Experiment Source 
-3 
Reference is GDC. The Objective of this experiment and several aspects of its defini- 
tion and analysis are  identical to 11-1. ll. Only those aspects that are different will 
be considered here. 
This experiment makes use of the habituation headturn sequences - as used in 
the ~edical/Phisological Subscript ' 3  Experiments - to expedite canalicular perrota- 
tional habituation. The only changes in Major Instruments or  Apparatus (experiment- 
peculiar) is the inclusion of the headturn restraints for those sequences. 
The Subjectf s Pre-Test State is in extended rotation with substantial vestibular 
habituation to each specific rpm/g-level - the habituation in this case resulting from 
the habituation headturn sequence. .Test Subject 1s Activity is changed, with the require- 
ment that he perform a complete 1-1. la3  habituation headturn sequence at each rpm/ 
g-level prior to performing the self-locomotion repetition. If the initial sharpened 
two-headturn OGY of the habituation sequence indicates the required degree of canalic- 
ular habituation exists, as in 1-1. la3 there is no requirement to perform any addi- 
tional headturns for the sequence at that rpm/g-level. Also, only an iso-gravitational 
flooring, a stair, and a ladder are investigated. 
Total Time of the experiment is two days, using the same time-inertial profile 
as in 1-1. li3. Interval between repetitions is 2 hr o r  16  hr  (overnight). Number of 
Data Points are 45 (product of 5 g-levels, 3 supports, and 3 orientations). With 20 
total experiment hr; required, the Subject Time p e r  Data Point is 0.45 hr. EPO 
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ratings for Time Factors are unacceptable for EPOs l a1  (no flooring), l dl, and 'el  
(long-radius , EPOs too heavily penalized for short-duration inertial cycling), and 
good for Options l b1 and c1  (lack optimal habitability). The Measurement Environ- 
ment requirements, ratings and rationales are identical to those detailed in Experi- 
ment 1-1. li3. Attainment ratings and rationale are the same as in 1-1. li3 with the 
exception that EPOs lbt and lc' are  rated fair instead of good because of the possible short- 
radius constraints on radial (stair or  ladder) self-locomotion. Crew Time per Data 
Point is 0.90. Weight per Experiment is 23 lb. Volume per Experiment is 6. 1 ft3. 
11-1. z1 Maximum Self-Locomotion Speed - The Objective is to determine the 
maximum controlled self-locomotion speeds - for both walking and climbing - that 
the subject is capable of within a nominal range of artificial g environments. This 
experiment represents only a change in application of the data derived in 11-1. 11, with 
no empirical factors being altered. There would be no practical advantage in running 
this experiment with the nominal pace deleted throughout the protocol, so  this was not 
considered. 
11-1. 29 Maximum Self-Locomotion Speed - This is the same experiment as 11-1. 13, 
with only a change in the application of the data to define maximum controlled speeds 
rather than minimum gravity requirements. 
11-1. 31 Self-Locomotion Energy Requirements - The Objective is to determine 
the metabolic energy requirements for self-locomotion - both walking and climbing - 
within a nominal range of artificial g environments. 
The Experimental Source Reference for this study definition is the AGC. The 
Measured Phenomenon is  the subject's active metabolic rate (AMR) as a function of 
his self-locomotion task performances at the various rpm/g-levels characterizing the 
range of artificial gravity. As this experiment involves simply AMR monitoring of 
the subject while performing the 11-1. l1 activities, only those factors not included in 
the 11-1. l1 discussion will be presented here. The only addition to the Major Instru- 
ments o r  Apparatus (experiment-peculiar) is the portable AMR monitor which consists 
of a face mask that integrates the subject1 s respiratory gases in a closed-circuit sys- 
tem with an 02-C02 analyzer that can be worn either as a chest- o r  back-pack, the 
pack including a transmitter for real-time FM delivery to a remote recorder. 
Number of Data Points is 396: 234 during Phases I1 and I11 (13 rpm/g-levels, 3 
supports, 2 paces, and 3 orientations) and 162 during Phase IV (3 radii, 2 paces, 3 
orientations, 3 supports and 3 durations of partial gravity exposure). Subject Time per 
Data Point is 0.061 hour. Crew Time per Data Point is 0.122 hour. Weight per Experiment 
is 24 lb. Volume per Experiment is 6 ft3. 
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11-1. 33 Self-Locomotion Energy Requirements - The Experimental Source Refer- 
ence for this study definition is GDC. The experiment involves only AMR monitoring 
of the subject while performing the 11-1. l3 activity schedule, therefore only those fac- 
tors not included in the 11-1. l3 discussion are presented here. Number of Data Points 
is 90 (the product of 5 g-levels, 3 supports, 3 orientations, and 2 paces). With 20 
total experiment hr, required, the Subject Time per Data Point is 0.225 hr. Crew Time 
per Data Point is 0.45 hs. Weight per Experiment is 27 lb. Volume per Experiment 
is 7.1 ft3. 
11-1 41 Self-Locomotion Effects on Station Stability - The Objective is to A 
determine the station perturbation effects due to subject self-locomotion - both for 
walking and climbing - within a nominal range of artificial g environments, so  as to 
ass is t in defining station stabilization requirements. 
The Experiment Source Reference is the AGC. The Measured Phenomena are  
the real-time outputs of impact force detectors built into the various locomotion sup- 
port structures and accelerometers attached to the subject and the station structure, 
as a function of the self-locomotion task performances at the various rpm/g-levels 
characterizing the range of artificial gravity. As this experiment involves simply 
those measurements while the subject is performing the 11-1. l1 activity schedule, 
only those factors not included in the 11-1. l1 discussion are presented here. As the 
impact force detectors are integral elements of the locomotion supporting structures, 
only the accelerometers mounted on the subject and the station are additional Major 
Instruments or Apparatus (experiment peculiar). The man-mounted accelerometer(s ) 
contain their own FM transmitters or are hard-wired to a man-mounted multi-channel 
transmitter, and they are  miniaturized so  as not to affect his performance when . 
mounted to such body points as the ankles, knees, hips, shoulders, elbows, wrists 
and head. Because the number of impact and acceleration detectors to be used, and 
the number of responses per instrument to be anticipated, are quite sensitive to 
the specifics of experiment and station design, the Number of Data Points and Crew 
Time per Data Point a re  yet to be determined (TBD). Similarly, instrumentation Weight 
and Volume per Experiment a re  TBD, though both a re  anticipated to be not significantly 
greater than the 11-1. l1 values. 
11-1. 43 Self-Locomotion Effects on Station Stability - The Experimental Source 
R e f e r ~ w e  for this experiment is GDC. Its definition and analysis relates exactly to 
11-1. 41 as 11-1. 33 does to 11-1. 31. 
11-2.0 Artificial-g./~ero-n Transition - The common objective of the experi- 
ments in this sub-category is to determine the effects on crew performance of rapid 
transitions between artificial-g and zero-g environments, both as a function of the 
magnitude and the frequency of the transitions. 
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One means of isolating docking facilities, scientific zero g experiments and 
target pointing modules from crew artificial gravity living qupters  is to  provide 
future space vehicles with both a non-rotating and a rotating section. An important 
consequence of this configuration is that the crew would be required to transfer fre- 
quently from the rotating to the nonrotating environment and back again if they are 
to benefit from exposure to artificial gravity and still be able to carry out their ex- 
perimental and operational tasks in zero g. Depending upon the hub constraints, the 
inertial transition might be effected by rotating the hub into and out of synchrony with 
the artificial gravity volume (passive execution), o r  the hub kept space-fixed (in zero- 
g) and the transition effected either by crew locomotion (active execution) or  by 
use of an intermediary variable-rotating device (passive execution). These opera- 
tional considerations raise pertinent questions that must be answered prior to the 
initial artificial gravity station design. The problem areas involved, whether execu- 
tion is passive or  active, may be categorized as to their phase of occurrence: (1) 
transfer phase - the immediate problems of effecting the physical transfer across 
the inertial interface, (2) zero-g phase - crew function problems in the nonrotating 
environment that may be related to prior rotational habituation, and (3) artificial g 
phase - crew function problems in the rotating environment following return from a 
zero g volume and related to loss of perrotational habituation. Nearly all of the large 
number of groundbased rotation studies that have been performed have been concerned 
to some degree with the psychophysiologic effects of activities in either the nonrotating 
and/or rotating environmental mode following graduated (non-square wave) passive 
transition from one mode to the other. Only one study , a pilot experiment recently 
performed at GDC , involved square-wave inertial transfers (subjects locomoting 
abruptly across the interface separating rotating and non-rotating volumes ). Based - 
upon these groundbased studies, certain relationships are identifiable. One is  that the 
magnitude of the effects for  the nominal subject tend to be directly related to three 
factors: (1) intensity (Aw) of the inertial change, (2) duration of habituation to the 
preceding mode, and (3) rate of transfer across the interface. However, other re- 
lationships demonstrated in groundbased studies are  in conflict with these observa- 
tions. It has been convincingly shown that if sufficient perrotational, habituation 
occurs, e. g., by the requirement that sequences of repetitive orthogonal headturns be 
performed, that rapid transitions from high rates of rotation to nonrotation can be 
effected with only trivial and sometimes nil untoward vestibulogenic responses. This 
is not true of the non-vestibular proprioceptive responses, which tend to be consis- 
tently inappropriate following transition as a direct function of the magnitude and 
duration of the previous environmental interaction. It is seen, therefore, that ground- 
based studies indicate that personnel performance decrements may occur following 
inertial transition, persisting until sufficient environmental interaction occurs to 
promote satisfactory habituation. Also, all the results of groundbased studies are 
contaminated by the geogravitational artifact, Therefore, spacebased research on 
inertial transition effects are  required to determine the degree to which analogous 
ground based study can be used as a basis for  manned artificial gravity design and 
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operation. Not only the relative changes in astronaut effectiveness as a function of 
transition must be determined but also the duration and rate of recovery from any 
decrements in crew capability so  that realistic time lines-for performance of tasks 
can be established. Experiment 11-2.1 is concerned with passive artificial-g/zero-g 
transitions, and Experiment 11-2.2 is concerned with active artificial-g/zero-g 
transitions. 
11-2.  l1 Passive Artificial-g/Zero- g Transition - The Objective is to determine 
the effects on performance of rapid, pas sively-executed, artificial-g/zero-g transi- 
tions, both as a function of the magnitude and frequency of the transitions. 
The Experimental Source Reference is the AGC. The most critical aspect;s of 
inertial transition will be the resultant level of both vestibular and non-vestibular 
habituation to the post-transfer environment: Will the subject be ataxic to a degree 
affecting his ability to locomote o r  otherwise be effectively mobile following trans ition? 
Having translated to a work station, will the subject be fully capable of performing a 
display/control task requiring headmovement and/or reach accuracy,? What will be 
the level of vestibular habituation to the posttransfer environment, with all this implies 
from a functional standpoint? Considering these as implying functional criteria, the 
Measured Phenomena for this experiment are the subject1 s response levels in a 
whole-body mobility task, in a perceptual-motor task requiring head movements and 
reach accuracy, and in a task to determine the degree of vestibulo-ocular habituation. 
The common-use pieces of equipment involved are a restraint chair, the sub- 
ject's pressure suit, a voice log, 2 video cameras and a data management system. 
Major Instruments o r  Apparatus (experiment-peculiar) include the equipment for -the 
Experiment 1-1. l i l  FATB task, the equipment for the Experiment 1-1.3 RATER 
task (modified to facilitate deployment of the response buttons so as to require a 
reach envelope of 85" ), and the equipment for the Experiment 1-1. la3 combined OGY/ 
Habituation task. 
The Subject Pre-Test State, as implied for the inertial transition experiment 
in Phase Vl. of the AGC mission profile, is complete habituation to nominal rotation 
by having undergone nearly two months of continuous rotation at various rates includ- 
ing 42 days of 0.5 g at maximum radius. Ratings for this factor are unacceptable for 
EPO rtf due to unfeasibility of maintaining a habitable environment for an extended 
length of time, fair for EPOs b l and l c l (although habitability can be maintained 
indefinitely by using a brief logistic stop every 12 hours, two months in the social 
isolation and limited volume raise questions as to the validity of the test data) and 
excellent for EPOS Idf and el .  
The Test Subject Activity consists of performing a complete o r  shortened 
(depending upon the frequency of trans ition) testing sequence immediately after the 
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execution of the inertial transition. The complete testing sequence, performed in the 
following order, consists of the 1-1. l a  sharpened (two-head turn) OGY, the 1-1. l i  
FATB (in null gravity replaced by the timed donning and doffing of the subjectf s pres- 
sure suit), the modified 1-1.3 RATER task, and the 1-1. la3 combined habituation head- 
turn sequence and sharpened OGY. The shortened testing sequence consists only of 
the sharpened OGY, a modified FATB (in null-g a modified donning/doffing test), the 
habituation headturn sequence, and a final sharpened OGY. On Day 1 of the Phase VI, 
subject performs complete sequence at maximum radius and 3 rpm, then moves directly 
to the hub where he is  counterrotated to null-g within a few minutes. He then performs 
a second repetition of the complete testing sequence (substituting the pressure~sui t  
donning and doffing exercise for the FATB because of null-g). The hub is  then syn- 
chronized with the rotating station and the subject proceeds to the maximum (64-foot) 
radius again and performs a third repetition . of the complete testing sequence. The 
transition cycle is repeated once more, with two more testing repetitions, one at 
null-g and a final repetition at 64 ft. and 3 rpm. The mobility tests (FATB and 
donning/doffing) are  video-taped simultaneously from two orthogonal axes. Anecdotal 
comments by subject are  voice-logged. If subject reaches a Moderate Malaise A 
level of acute motion sickness (cf. 1-1. l j l  diagnostic table) at any time during the pro- 
cedure, further testing is postponed until distress has subsided to the next level. On 
Day 2 of Phase VI, the subject performs five transition cycles, with the shortened 
testing sequence being used because of the time constraints. (The modified FATB con- 
sists  of 3 trials each of standing - EO and EC, and walking - EO and EC. The 
donning/doffing procedure is shortened. ) The shortened testing sequence is performed 
11 times, five in zero-g and six at 64-ft. and 3 rpm. The entire two-day procedure is 
then repeated at 5 and 6 rpm, on Days 3 and 4 and Days 5 and 6, respectively. EPO 
ratings for  this factor include an unacceptable for EPO a f  (no supporting floor for 
testing) and EPO Idf (no counterrotating crew space and repetitive spindown and spinup 
of entire vehicle is unfeasible because of fuel constraints). EPOs b , c and e 
are rated excellent (f irst  two can be cycled down and up and latter has counterrotating 
volume ). 
The Total Time of the experiment is six days. Since effect on subject function is 
considered in the largest sense to be a function of the total diurnal schedule of inertial 
transitions, Interval is considered to be 24 hours, the period between s ta r t  of daily 
testing schedules. The average number of data points per testing (not including sub- 
jec tive and video-taped information) is 16 1. Average testing day is 8.8 hours for a 
Time per Data Point of 0. 055 hour. Total Number of Data Points per subject per ex- 
periment is 966. EPO ratings for this factor are unacceptable for EPO ' a f  
(canf t maintain habitability for that length of time) and good for EPOs b and c 
(only require two logistic stops each 24 hours ). EPOs Id and e a re  rated excel- 
lent. 
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The g-level range designated by the AGC is from 0.2 to 0.7. While the g-level 
is not as critical a factor in this experiment as the angular velocity, the short radius 
of EPOs ' a f  , 'b '  and ' c 1  are such that at spin rates of 3 thru 6 rpm, the g-level at 
the subjectf s c. g. is less than 0.1, invalidating the data from the FATB. These 
EPOs a r e  rated poor on g-level. EPO 'dl is rated fair and e excellent following 
the same reasoning. The Gradient Ratio ratings and discussion are the same as for 
11. 1 The rpm required by the AGC report are  3, 5 and 6. EPOS a t ,  'b' and 
c r  are rated excellent on rpm, Id1 good (can provide up to 5.2 rpm), and e fair  
(can only provide 4 rpm). An Angular Acceleration of 0.01 radians/sec2 for passive 
transition i s  satisfactory and well within the capability of EPOs ' a t  , b' , ' c '  and 
e ' , which consequently are rated excellent. ~ p o  dl , without counterrotation, rates 
unacceptable. 
For  Experiment Objective Attainment, EPO a 1  is rated unacceptable because 
of impossibility of maintaining a subject for the required length of time. EPOs ' b '  
and ' c '  are  rated fair  (they are excellent as to rpm provision, but poor on level 
and only fair  on habitability for the two months required by the AGC). EPO 'dl is 
rated unacceptable as  it  provides no counterrotating device. EPO ' e ' is rated good 
(it is excellent on habitability and g-level , fair on rpm and does have a counterrotating 
device. ). Astronaut Time Pe r  Data Point is 0.11 hour. Weight per Experiment is 20 
lbs. Volume per Experiment is 5.5 ft3. 
11-2.  l3 Passive Artificial-g/Zero-g Transition - The Experimental Source Itef- 
erence for  this study definition is GDC. The Measured Phenomena for this experi- 
ment methodology a re  the same as for 11-2.11. The method used is  predicated on the 
groundbased evidence that an accelerated habituation procedure employing repetitive 
orthogonal headturns provides a psychophysiologic adjustment to an inertial environ- 
ment comparable to an order of magnitude o r  more of time spent in random inter- 
action with the same environment. Absence, in the following method, of analogous 
non-vestibular proprioception exercises to speed adjustment is  probably of lesser  im- 
portance since use of qualitatively different mode of gross mobility in zero-g would 
be unlikely to severely alter subject's ability to locomote in artificial-g following in- 
ert ial  transition cycle. 
The methodology is the same as  11-2. l1 except for  changes in the time-distribu- 
tion of rotational exposure. From zero-g, subject is spun up to 2 rpm, where he per- 
forms two complete testing sequences a s  described in 11-2. l1 (the only difference being 
deletions of the mobility tests). Spin rate is  then increased to 3 rpm, subject per- 
forming two complete sequences at that rate. After spending the night at 3 rpm, sub- 
ject spends the next six days in an identical fashion to the six test days described in 
11-2. 11, being tested at 3, 5,and 6 rpm with frequencies of two and five inertial tran- 
sition cycles per day. 
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The Subject's Pre-Test State is NA. The Test Subject Activity is described 
above. Ratings are unacceptable for EPO 'd' and excellent for the other EPOs. 
The Total Time for this experiment is seven days, and the Interval is 24 hours. 
The average number of data points per testing day is 138 (baseline information accrued 
on Day 1 is not included). Average testing day is 8.8 hours, for a Time per Data 
Point of 0.064 hour. Total Number of Data Points per subject per experiment is 966. 
EPO ratings for this factor are unacceptable for EPO 'a f ,  good for EPOs 'b' and 'cf , 
and excellent for EPOs Id' and 'el. Measurement Environment ratings are  the same 
as for 11-2.1 1' 
Considering Experiment Objective Attainment: EPO 'af is rated unacceptable. 
EPOs 'bf and 'cf are rated good (II-2.1 habitability penalty not germane to 11-2.1 ) . 1 EPOs Idf and 'ef are unacceptable on a power penalty basis. Astronaut Time per 3 
Data Point is 0.128 hour. 
11-2.2 Active Artificial-g/~ero-g Transition - The Objective is to determine 1 
the effects on crew performance of rapid actively-executed artificial-g/zero-g transi- 
tions, as  a function of both the magnitude and frequency of the transitions. 
The Experimental Source Reference for this study definition is the AGC. The 
Measured Phenomena are the same as  for 11-2.1 A s  discussed in the 11-2.1 text, 1' 1 
although an active inertial transition effected by crew locomotion i s  one of the primary 
tasks to be considered in the design and operation of space vehicles incorporating 
rotating and non-rotating (space-fixed) volumes simultaneously, almost no ground- 
. 
based research has been dedicated to the study of such an operation and its effects on 
posttransfer crew function. The only known study, a pilot investigation conducted at 
GDC involving two subjects and a single spin rate of 2 rpm, supports suggestions that 
such operations at higher spin rates might be significantly disturbing to psycho- 
physiologic function. A t  any rate, not only additional groundbased study, but also 
substantial spacebased research, i s  required to define the effects on crew function of 
such abrupt changes in inertial environment. This experiment is identical to 11-2.1 1 ' 
with the exception that the inertial transition is actively executed by the subject loco- 
moting across the interface between the two inertial volumes rather than being passively 
spun- up and spun-down relative to space-fixed coordinates. 
Changes relative to 11-2.1 Test Subject Activity consist of the subject locomot- 1 ing across the inertial interface, wlth videocameras taping orthogonal views of the 
transition being performed. Ratings for this factor are unacceptable for EPOs 'a1, 
'cf and 'dl (none of the three allow active transition) and excellent for EPOs 'bf 
and 'el (both facilitate active transition). Time Factors are identical to 11-2.1 as L ' is the Measurement Environment (with the exception that angular acceleration is NA). 
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Experiment Objective Attainment: EPOs l a ' ,  c f  and Id1 are unacceptable 
(none facilitate active transition). EPOs l b l and * el  are the same as for 11-2. ll. 
11-2. Z3 Active Artificial-g/~ero-g Transition. Relates in all respects to 
11-2. z1 as 11-2. l3 does to 11-2. ll. 
11-3.0 Cargo Handling - The common objective of the experiments in this sub- 
category is  to determine the effectiveness of crew cargo handling within a nominal 
range of artificial gravity environments. 
Moving objects in artificial gravity will provide force and moment inputs to the 
astronaut which differ appreciably from the inputs he obtains in normal gravity. For 
example, the gravity gradient and coriolis forces in an artificial gravity field will 
result in changes in weight and extraneous forces when an object is moved within the 
environment. In addition, cross-coupled angular accelerations will tend to rotate an 
object in an unnatural and undesired direction from the desired rotation initially 
imparted by the, astronaut. The effect of these factors on astronaut performance should 
be established by experiments. Further experiments are required to establish the 
range of weight change, coriolis forces, and the magnitude of cross-coupled angular 
accelerations which can be tolerated by the astronaut without adversely affecting his 
performance. 
Although there have been some studies of cargo handling in the aircraft flying 
zero-g trajectories, these have been very limited. The Apollo missions gave some in- 
dication of the ability to handle cargo in a 1/6-g environment. There have been no 
studies in artificial-g and only limited studies in groundbased rotational environments. 
Gravity gradients exist along radial lines in a rotating vehicle. When an object is 
moved along a radial line toward the axis of rotation the object becomes lighter in 
weight, while an opposite movement will cause an increase in the weight. In addition 
a coriolis force is generated which is in one direction when moving toward the axis of 
rotation and in an opposite direction when moving away from the axis. Also, when 
angular motions about an axis normal to the axis of environment rotation are imparted 
to objects, cross-coupled angular accelerations are generated which tend to rotate the 
object about an axis which is orthogonal to the other two axes of motion. 
Cd-leration of both coriolis forces and cross-coupled angular accelerations will 
result in both unwanted forces and moments on the cargo being handled in an artificial- 
g environment and could lead to decrements in the performance of an astronaut. 
Whether and how well he can compensate for these effects needs to be investigated. 
Cargo handling measurements will have'to be performed in artificial gravity - thus 
free of the earth gravity bias - to verify criteria established analytically and on the 
basis of groundbased experiments. These data will determine the optimal cargo 
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handling methods and the aids required. These data will also establish whether the 
astronaut will be capable of performing maintenance tasks on future generation space- 
craft which may require handling equipment of relatively large mass. Work space 
envelopes for maneuvering the equipment will also be established. Time line data will 
also be obtained which will establish demands on the astronauts time for manipulating 
cargo packages of different sizes. Furthermore the data will establish the need for 
and type of cargo restraints that are necessary to assure safety of crew and other 
equipment. 
11-3. l1 Maximum Tolerable Cargo Weight Change - The Objective is to determine 
the maximum tolerable cargo weight change, within the constraints of effective cargo 
handling, throughout a nominal range of artificial gravity environments. 
The Experimental Source Reference is the AGC, The Measured Phenomena are 
the effects on the subjectr s radial translation of cargo in various rpm/g-level environ- 
ments due to the associated change in item weight, task performance being assayed 
using subjective , cinegraphic, and time-and-motion techniques. Common-use pieces 
of equipment involved are event timers and cinegraphic cameras. Major Instruments 
or  Apparatus (experiment-peculiar ) include an array of experimental cargo i tems and 
cargo supports. The cargo items are twelve in number: cubes of 1,  4, and 9 ft3 for 
each of four homogeneous weights of 10, 50, 100, and 200 lba. The cargo supports are 
provided by the floor and a rack of adjustable shelving, providing radial translation 
spans up to a maximum of floor-to-overhead reach. The Subject's Pre-Test State and 
its EPO ratings are the same as II-1.1, and are detailed there. The Test Subject's 
Activity consists of performing radial translations of each of the cargo items and 
. 
making subjective evaluations of the tasks with the aid of a questionnaire As radial 
translation of the items also subjects them to coriolis accelerations, the subject is 
trained to minimize their contamination of the weight-change assay. He attempts to 
make all translations at the same rate to keep the perceived coriolis force constant, 
and uses the causal relationship between the translation and coriolis directions to aid 
in identifying the artifactual force. The multi-radial testing repetitions for a given 
rpm provide additional means of factoring out the coriolis effects. For each rpm/ 
g-level environment, the subject performs three trials each of raising and lowering 
each item - lifting each off the floor and shelving it momentarily as high up as is 
subjectively tolerable, then at an audible cue (15-seconds following cue to raise), 
lowering the item to the floor, and so forth, through three trials for all twelve cargo 
items - during Phase I1 and 111 testing only. Phase IV testing reduces the cargo items 
to six (though still covering essentially the same range) to shorten the repetition time. 
Trials per repetition during IT and 111 are  72 (12 cargo items, 2 translations, 3 trials) 
with a repetition time d 50 minutes. (20 minutes setup, 20 minutes test, and lominutes 
cleanup). Tridtls per repetition during Phase IV are 36 (cargo items are reduced to 6). 
The same measures are employed as in II-1.1 to facilitate oinegraphic assay. EPO 
1 
ratings on Test Subject Activity are  the same as for 11-1.1 The Measurement 
1' 
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Environment is  the same as 11-1. 11, with the exception that the rpm ceiling is raised 
to 8. This reduces the ratings of EPOs Id ' and e for this factor to fair and poor, 
respectively ( I  d ' providing no more than 5.2 rpm, and J e no more than 4 rpm). 
The Total Time of the experiment is identical to 11-1. l1 and follows the same 
mission scheduling for repetitions. EPO ratings for Total Time are the same as 
for 11-1. ll. The Number of Data Points is 396: 288 during I1 and I11 (12 rpm/g-levels, 
12 cargo items, 2 translations) and 108 during Phase IV (6 cargo items, 3 radii, 2 
translations, and 3 durations of partial gravity exposure). The Time per Data Point 
is 0.037 hour, the total experimental time penalty being 14.5 hours. 
The Experiment Objective Attainment EPO ratings and rationale are  the same as 
detailed in Experiment 11-1. ll. Crew Time Per  Data Point is 0. 074 hour. Weight per 3 Experiment is 220 lbs. Volume per Experiment is 9 f t  . 
11-3. l3 Maximum Tolerable Cargo Weight Change - The. Experiment Source 
 
is GDC. The Objective of this experiment and a number of the aspects of its definition 
and analysis are identical to 11-3. ll. Only those factors that are different are con- 
s idered here. 
For the most part, this experiment differs from 11-3. l1 as 11-1. l3 differs from 
11-1. ll. The Subject's Pre-Test State and its EPO ratings are the same for 11-3.1 as  3 
for 11-1. 13. This experiment utilizes the same habituation headturn technique to 
expedite canalicular habituation at each change in rpm/g-level, so  as to shorten the 
total rotational time required. The Test Subject's Activity consists of performing 
the habituation headturn sequence after each change in rpm(g-level), and of per- 
forming a repetition of the 11-3. l1 cargo handling tasks subsequent to the perform- 
ance of the headturn sequence at those rpm levels providing 1/6, 1/4, 1/2, 3/4, and 
1 g, including subjective evaluations of task performance. EPO ratings for this " 
factor are the same as 11-1. ll. The trials per repetition are 72 (12 cargo items, 
2 translations, 3 trials each). Their inertial profile consists of ten approximately 
2-rpm steps from 2 up to 20 rpm, then three 7-rpm steps to spin-down to zero-g, 
the entire profile extended over 2.5 mission days. The habituation headturn sequence 
is performed at all rpm levels. At those upscale rpm levels providing the five desired 
g-levels, the cargo handling tasks are  also performed. The Measurement Environment 
is the ; m e  as 11-1. l3 with the two exceptions of raising the g--level and rpm ceilings 
to 1. 0 and 8, respectively. This results in a reduction in the EPO d f  and e ' 
ratings for these factors relative to 11-1. 13: to poor and fair, respectively, for g- 
level (Id' provides only 0.3, 'el  a maximum of 0.45) and fair and poor, re- 
spectively, for rpm (Idf is limited to 5.2 and ' e f  4 rpm). As the relative cargo 
weight change is contingent on the radial translation and independent of rpm, per se ,  
El?Os a' , ' b and c ' provide the full g-level range by overrunning the rpm 
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ceiling and are rated as  in 1-1. l i  3' 
Experiment Objective Attainment ratings are the same as 11-1.1 with the 3 ' 
qualification that EPOs 'by and 'cl might warrant a better rating than fair, since - 
assuming the limiting weight change to be a relative rather than an absolute value - 
the corresponding relative radius change can easily be corrected for in applying short- 
radius data to long radius use. Opposing this rating improvement, however, may be 
the relative increase in the coriolis artifact due to the higher rpm used. Crew Time 
per Data Point is 0.334 hour. Equipment weights and volumes are unchanged from 
11-3. 2 Maximum Tolerable Cargo Coriolis Effects - The Objective is to de- 1 termine the maximum tolerable cargo coriolis effects, within the constraints of 
effective cargo handling, throughout a nominal range of artificial gravity environments. 
The Experimental Source Reference is the AGC. The Measured Phenomena are 
the effects on the subject's non-axial translations of cargo, in various rpm/g-level 
environments, due to the associated coriolis accelerations imposed on the item, task 
performance being assayed using subjective, cinegraphic, and time-and-motion tech- 
niques. The equipment and Subject Pre-Test State, including ratings, are  unchanged 
from Experiment TI-3.1 The Test Subject's Activity consists of performing non- 
axial translations of each' of the cargo items and making subjective evaluations of the 
tasks with the aid of a questionnaire. The number of testing repetitions and their 
mission scheduling is the same as 11-3.1 as are the rpm/g-level environments. 1' For each Phase II/III repetition, the subject performs 288 trials 02 cargo items, 
8 translations - 2 tangential, 2 radial, and 4 combination - , and 3 trials each). 
Phase IV repetitions require 144 trials (the cargo items are reduced to 6 to reduce 
testing time). The Phase II/II1 repetitions require 1.5 hours (20 minutes setup, 60 
minutes test, 10 minutes cleanup), and the Phase IV require 50 minutes. The time 
sequence of the trials is the same as in 11-3.1 In contradistinction to 11-3.1 the 1' 3 , 
translations in this experiment involving components of radial movement reqmre the 
extraction of cargo handling artifacts due to relative weight changes from valid effects 
due to coriolis accelerations. The Test Subject Activity ratings are the same as  for 
11-1.1 1' 
The Total Time of the experiment and its EPO ratings are the same as  33-1.1 
The Number of Data Points is 1584: 1152 during Phase II/III (12 rpm/g-level, 12 1' 
cargo items, and 8 translations) and 432 during Phase IV (3 radii, 6 cargo items, 8 
translations, and 3 durations of partial gravity exposure). The total experimental 
time penalty is 25.5 hours giving a Time per Data Point of 0.16 hour. The Measure- 
ment Environment and its EPO ratings are identical to 11-3.1 
1' 
The Experiment Objective Attainment EPO ratings and rationale are the same 
as detailed for Experiment 11-1. ll. Crew Time per Data Point is 0.032 hour. The 
equipment weights and volumes are unchanged from 11-3.1 1' 
11-3.2 Maximum Tolerable Cargo Coriol is Effects - The Experiment Source 
Reference is &c. The Objective of this experiment and a number of its aspects of 
definition and analysis are identical to 11-3.2 Only those factors that entail differ- 
ences a re  considered here. 1' 
For the most part, this experiment differs from 11-3.2 as  11-3.1 differs from 3 11-3. ll. The Subject's Pre-Test State and its EPO ratings are ?he same as for 11-3.1 
The Test Subject's Activity consists of performing an habituation headturn sequence 3 '  
after each change in rpm (g-level), and of performing a repetition of the 11-3.2 cargo 1 handling tasks subsequent to the performance of the headturn sequence at those rpm 
levels providing 1 / 6 ,  1/4, 1/2, 3/4, and 1 g. EPO ratings for this factor are the same 
as 11-1.1 Trials per repetition are 288 (1 2 cargo items, 8 translations, 3 trials 
each) . 1' 
The Total Time for this experiment is approximately 2.5 days, with the Interval 
between repetitions ranging from 2 hours or  16 hours (overnight). EPO ratings on Total 
Time are the same as 11-1.1 Number of Data Points is 480 (5 g-levels, 12 cargo items, 3' 
and 8 translation directions). (Note: A s  the coriolis accelerations are also a linear 
function of the translational velocity, additional information on cargo coriolis effects 
would be provided by requiring that each translation be repeated at several different 
(paced) rates, so as  to vary the coriolis input while maintaining weight nearly constant, 
However, because of time constraints, that study option was not included in this ex- 
periment definition. ) Time per Data Point is 0.042 hour. The Measurement Environ- 
ment and its EPO ratings are the same as for 11-3.1 The inertial profiles for the 
short-radius EPOs are the same as for 11-3.13* 3' 
Experiment Objective Attainment ratings are the same as 11-1.1 One might 3' question the validity of the EPOs 'bl and 'c' data since the rpm-overrun to provide the 
full g-range extends to as high as  20 rpm, and coriolis accelerations are a linear 
function of the spin rate. However, although the momentum of crewman and the cargo 
he is translating, and the coriolis forces tending to alter the direction of translation, 
are both inertial (mass-related) phenomena, the single most important factor in 
determining the tolerability of cargo coriolis effects in a hypogravitational environment 
will be the coriolis/gravity ratio - as  weight will determine the leverage the crewman 
can apply to nullify the coriolis effects. A bias in the Measurement Environment being 
unavoidable, it is patently better to provide a realistic g-range, since groundbased 
self-locomotion studies have indicated that with satisfactory traction and conventional 
visual cues, that even supra-nominal coriolis forces can be easily compensated for. 
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11-3.3, Maximum Tolerable Cargo Cross-Coupled Accelerations - The 
Objective is to aetermine the maximum tolerable cargo cross-coupled accelerations, 
within the constraints of effective cargo handling, throughout a nominal range of 
artificial gravity environments. 
The Experimental Source Reference is the AGC. The Measured Phenomena 
are the effects on the subject's rotation of cargo items out of the plane of artificial-g 
plane, in various rpm/g-level environments, due to the associated cross-coupled 
accelerations imposed on the item - task performance being assayed using subjective, 
cinegraphic, and time-and-motion techniques. The equipment and Subject Pre-Test 
State, including ratings, are unchanged from Experiment 11-3.1 The Test Subject's 1' Activity consists of performing rotations of each of the cargo items in three planes 
(each, and a combination, of the two planes orthogonal to the artificial-g plane), 
and making subjective evaluations of the tasks with the aid of a questionnaire. The 
number of testing repetitions and their mission scheduling is the same as those of 
11-3.1 , as are the rpm/g-level environments. For each Phase II/III repetition, the 
subjed performs 108 trials (12 cargo items, 3 rotations and rotation planes, 3 trials 
each). A Phase IV repetition requires 54 trials (the number of cargo items is  6). A 
Phase II/III repetitions requires 1 hour. (20 minutes setup, 30 minutes test, 10 minutes 
cleanup). A Phase IV repetition, requires 35 minutes. The pacing of the trials is the 
same as in Experiment 11-3.1,. The Test Subject Activity ratings are the same as for 
The Total Time of the experiment and its EPO ratings are the same as  
11-1. ll. The Number of Data Points i s  594: 432 for Phase 11/111 (12 rpm/g-level 
combinations, 1 2  cargo items, 3 planes of rotation) and 162 for Phase IV (3 radii, 6 
cargo items, 3 planes of rotation, 3 durations of partial gravity exposure). The total 
experimental time penalty is 17.25 hours giving a Time per Data Point of 0.029 hour. 
The Measurement Environment and its EPO ratings are the same as  for 11-3.1 1' 
The Experiment Objective Attainment EPO ratings and rationale are the same 
as detailed for Experiment 1-1. l i  Crew Time per Data Point i s  0.058 hour. The 1' 
equipment weights and volumes are unchanged from II-3.1 
\ 1' 
11-3.3 Maximum Tolerable Cargo Cross-Coupled Accelerations - The Experi- 3 
ment Source Reference is  GDC. The Objective of this experiment and a number of its 
aspects of definition and analysis are identical to 11-3.3 Only those factors that 
entail differences are considered here. 1' 
For the most part, this experiment differs from 11-3.3 as 11-3.1 differs from t 3 The Subject's Pre-Test State and its EPO ratings are he same as for 11-3.1 
3 1 , the Test Subject's Activity consists of performing an habituation head- 3' 3 
turn sequence after each change in rpm (g-level), and of performing a repetition of 
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the 11-3. 31 cargo handling tasks subsequent to the performance of the habituating se- 
quence at those rpm levels providing 1/6, 1/4, 1/2, 3/4 and 1 g. EPO ratings for 
this factor are the same as for 11-1. ll. Trials per re~eiit ion are 108 (12 cargo 
items, 3 planes of rotation, 3 trials each). 
The Total Time and Interval for this experiment are the same as  for 11-3.1 , as 
a re  the EPO ratings for Total Time. Number of Data Points is 180 (5 g-levels, 18 
cargo items, 3 planes of rotation). Time per Data Point is 0.11 hour. The Measure- 
ment Environment and its EPO ratings are  the same as for 11-3.1 The inertials pro- 3' files for the short-radius EPOs are the same a s  for 11-3.1 Experiment Objective 
Attainment ratings are  the same as  lT-1.1 3' 3' 
11-3. 41 M aximum Tolerable Cargo Acceleration Effects - The Objective is to 
determine the maximum tolerable cargo combined acceleration effects, within the con- 
straints of effective cargo handling, throughout a nominal range of artificial gravity 
environments. 
The Experimental Source Reference is the AGC. The Measured Phenomena are  
the effects on the subject1 s combined rotation/translation of cargo, in various rpm/ 
g-level environments, of the perturbations (weight changes, coriolis and cross- 
coupled accelerations) s o  imposed on the item - task performance being assayed using 
subjective, cinegraphic, and time-and-motion techniques. The equipment and Subject 
Pre-Test State, including ratings, are unchanged from Experiment 11-3. ll. The Test 
Subject1 s Activity consists of performing a cargo-handling sequence - involving simul- 
taneous and sequential, multi-directional rotations and translations - on each of the 
cargo items, and making subjective evaluations of the tasks. The number of testing 
repetitions and their mission scheduling is the same as 11-3. 11, as are the rpm/g- 
level environments. For each Phase II/III repetitions the subject performs 36 trials 
(12 cargo items, 1 cargo-handling sequence, 3 trials). Each Phase IV repetWon requires 
18 trials (only 6 cargo items are  used). Each Phase II/III repetition requires 50 mln- 
utes (20 minutes setup, 20 minutes test, 10 minutes aleanup), and each Phase IV repe- 
tition requfres 30 minutes. The trials a re  paced on a 30-second interval. 
The Total Time and its EPO ratings are the same as for 11-1. ll. The ru'umber 
of Data Points is 198: 144 for Phase II/III (12 cargo items, 12 rpm/g-level environ- 
ments, and one cargo-handling sequence) and 54 for Phase IV (6 cargo items, 3 radii, 
1 cargo-handling sequence, and 3 durations of partial-gravity exposure). The total 
experimental time penalty is 14.5 hours, giving a Time per Data Point of 0.073 hour. 
The Measurement Environment and its EPO ratings are identical to 11-3. ll. The 
Experiment Objective Attainment EPO ratings and rationale are  the same a s  detailed for 
Experiment 11-1. ll. Crew Time per Data Point is 0.146 wur .  The equipment weights 
and volumes are unchanged from 11-3. ll. 
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11-3.4 Maximum Tolerable Cargo Acceleration Effects - The Experiment Source 3 Reference is GDC. The Objective of this experiment and a number of its aspects of 
definition and analysis a re  identical to 11-3.4 Only those fakors  that entail differences 
a re  considered here. 1' 
For the most part, this experiment differs from 11-3.4 a s  11-3.1 differs from 1 3 11-3, ll. The Subject's Pre-Test State and its EPO ratings a re  the same as for 11-3.1 3' The Test Subject's Activity is completely analogous to 11-3.1 combining the habitua- 3 ' tion headturn sequences and the 11-3.4 cargo-handling tasks Into a time- reduced ine r- 1 tial profile. EPO ratings for this factor are  the same a s  for II-1.1 Trials per 
repetition are  36 (12 cargo items, 1 cargo-handling sequence, 3 tri & s each). 
The Total Time for this experiment, its EPO ratings, and the repetition Interval 
a re  the same as 11-3.1 Number of Data Points is 60 (5 g-levels, 12 cargo items, 1 3' 
cargo-handling sequence). Time per Data Point is 0.33 hour. The Measurement 
Environment, its EPO ratings, and the inertial profiles for the short-radius EPOs a re  
the same as  for 11-3.1 Experiment Objective Attainment ratings are the same as  3 ' 11- 1. 13. Equipment weights and volumes a re  unchanged from 11-3.1 
1' 
11-4.0 Gross Motor Performance - The common objective of the experiments in 
this sub-category is to determine the effectiveness of gross motor performance within 
a nominal range of artificial gravity environments. 
In a rotating environment, coriolis forces and cross-coupled angular accelerations act 
on tools put in motion in performing certain operations. It is necessary to determine- 
by experimentation how these factors will affect the time and efficiency of performing 
spacebased standard tool operations. In addition, experiments a re  required to deter- 
mine how these factors will affect other gross motor functions, such a s  hardware 
maintenance, reach steadiness and accuracy, and door/hatch operations. 
There have been a number of groundbased studies of gross motor performance 
in reduced gravity simulators. These studies indicated decrements in performance 
for unrestrained operators. This also proved to be true in zero-g during spacebased 
EVA. Only a minimal number of studies of gross motor performance have been per- 
formed in rotating environments. 
In an artificial-g vehicle, tools put into motion will generate coriolis forces 
and cross-coupled angular accelerations, o r  a combination of the two, which will tend 
to impart unwanted motions to the tools, possibly resulting in some decrement in 
performance. In addition, the directions of the induced forces and moments will be 
inconsistent and will vary depending on subject orientation and on the initial d i rec t i~ns  
of the motions he imparts. This may be disturbing and may affect the performance of 
the astronaut. Door o r  hatch operation will vary depending on opening direction and 
location. Some doors may require restraints to control operation. 
As any gross motor performance mewurements in groundbased rotational stud- 
ies are  influenced by the presence of the earth gravity vector, it is necessary to verify 
groundbased experiments by repeating at least some in artificial%. The information 
on tool handling and maintenance will provide guide lines for advanced space stations 
which will assure their efficient operation throughout the intended life times. Reach 
steadiness and accuracy data are  required for the effective design of spacebased 
C/D consoles and tasks. Determination of the optimum door and hatch designs will 
assist in the ensurance of habitability and will increase the safety of the crew. 
11-4. l1 Standard Tool Use - Tile Objective is to determine the effectiveness of 
standard tool use throughout a nominal range of artificial gravity environments. 
The Experimental Source Reference is the AGC. The Measured Phenomena are  
the effectiveness of the subject1 s use of standard tools in various rpm/g-level environ- 
ments, task performance being assayed using subjective, cinegraphic, and time-and- 
motion techniques. Common-use equipment includes event timers and cinegraphic 
cameras. Major Instruments o r  Apparatus (experiment-peculiar) are  three mainten- 
ance task items, a set  of standard tools, and a questionnaire. The three task items 
provide, and facilitate the performance assay of, maintenance tasks requiring, 
individually, component substitutSm, operational troubleshooting, and electrical and 
plumbing connections. 
The Subject s Pre-Test State and its EPO Ratings are the same as detailed in 
Experiment 11-1. ll. The Test Subjectf s Activity consists of performing, as trained, 
the three maintenance tasks using the standard tools provided, and making subjective 
evaluations of each performance after its completion. The number of repetitions and 
their mission scheduling are as detailed in Experiment 11-1.1 . Each Phase II/III 
repetition consists of 27 trials: product of 13 tasks, 3 orien h ations (2 tangential, one 
axial), and 3 trials each. Each Phase IV repetition requires 9 trials (3 tasks, only 
one orientation - worst case -, 3 trials each). 
Phase II/III repet3tbn time is 130 minutka (18 minutes aetw, 90 minutes C& 
and 10 minutes cleanup). P b s e  IV repetition time is 50 minuies. Effectiveness of 
task performance is determined primarily on the basis of execution time and errors.  
EPO ratings for this factor a re  the same as  for 11-1.1 
1' 
T'he Total Time of the experiment and its EPO ratings are  identical to  IC-1.1 The 1' Number of Data Points is 270: 216 for Phase 11/111 (3 tasks, 3 orientations, 12 rpm/ 
g-level environments, and 2 performance criteria - time and errors) ,  and 54 for Phase 
IV (3 tasks, 1 orientation, 3 radii, 2 criteria, and 3 durations of partial-gravity ex- 
posure), Total experimental time penalty is 29.5 hours, giving a Time per Data Point 
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of 0.109 hour. The Measurement Environment and its EPO ratings are  'ihe same as 
for 11-3. ll. 
Experiment Objective Attainment and its EPO ratings are  the same as detailed in 
Experiment 11-1. ll. Crew Time per Data oint is 0.218 hour. Weight per Experiment P 
is 55 lbs. Volume per Experiment is 1 0  ft . 
11-4. l3 Standard Tool Use - The Experiment Source Reference is GDC. The Ob- 
 
jective of this experiment and a number of its definition and analysis aspects are  iden- 
tical to 11-4.1~. Only those factors that are different are  considered here. 
Essentially, this experiment differs from 11-4. l1 as 11-1. l3 differs from 11-1. ll. 
The Subject's Pre-Test State and its EPO ratings are the same as for 11-1. 13. The 
Test Subject1 s Activity is completely analogous to 11-3. 13, combining the habituation 
headturn sequences and the 11-4. l1 maintenance tasks into a time-reduced inertial pro- 
file. EPO ratings for this factor are the same as for 11-1. ll. Trials per repeti- 
tion are a s  in Phase II/III .of 11-4. ll. 
The Totd Time for this experiment, its EPO ratings, and the repetition Interval 
are  the same as 11-3.1 Number of Data Points is 90 (5 g-levels, 3 tasks, 3 orienta- 3' tions , and 2 performance criteria). Time per Data Point is 0 . 3 3  hour. The Measure- 
ment Environment, its EPO Ratings, and the inertial profiles for the short-radius EPOs 
are  the same as for II-3.1 Experiment Objective Attainment EPO ratings are  the 3 ' same as  for 11-1.1 Equipment weights and volume a r e  unchanged from 11-4.1 3' 1' 
11-4.2, Maintenance Disassembly and Assembly - The Objective is to determine 
the effective>ess of standard maintenance disas sembly/assembly techniques throughout 
a nominal range of artificial gravity environments. 
The Experimental Source Reference is the AGC, The Measured Phenomena are 
the effectiveness of the subject s performance of a standard maintenance disassembly/ 
assembly task in various rpm/g-level environments, task performance being assayed 
using subjective , cinegraphic, and time-and-motion techniques. Common-use equip- 
ment include event timers and cinegraphic cameras. Major Instruments o r  Apparatus 
(experiment-peculiar ) are the dis assembly/assembly task item, a set  of standard tools, 
and a questionnaire. The task item provides, and facilitates the performance assay of, 
the dis assembly/assembly task. 
The Subject's Pre-Test State and its EPO ratings are  the same a s  dekiled for 
11-1. ll. The Test Subject l s Activity consists of as trained, the disassembly/ 
assemmy task using the standard tools provided, and making subjective evaluations sub- 
sequent to its completion. The number of repetitions and their mission scheduling are  
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a s  detailed in Experiment II-1.1 Each Phase II/III repetition consists of 9 trials 1' (one task, 3 orientations, 3 trials each). Each Phase IV repetition consists of 3 
trials (one task, one orientation only to reduce time penalty - uses worst case from 
II/III - , 3 trials). Phase II/III repetition time is  105 minutes (10 minutes setup, 90 
minutes test, 5 minutes cleanup). Phase IV repetition time is 45 minutes. Effective- 
ness of task performance is determined primarily on the basis of execution time and 
errors .  EPO ratings for Test Subject's Activity are the same as for 11-1.1 1' 
The Total Time of the experiment and its EPO ratings are the same a s  for 
11-1.1 The Number of Data Points is 81: 72 from Phase II/III (1 task, 3 orienta- 
tions, $2 rpm/g-level environments, and 2 performance criteria), and 9 from Phase 
IV (l task, 1 orientation, 3 radii, and 3 durations of partial-gravity exposure). Total 
experimental time penalty is  28 hours, giving a Time per Data Point of 0.346 hour. 
The Measurement Environment and its EPO ratings are  the same as  for 11-3.1 1' 
Experiment Objective Attainment and its EPO ratings are  the same as detailed in 
Experiment 11-1. ll. Crew Time per Data oint is  0.69 hour. Weight per Experiment B is  38 lbs. Volume per Experiment is  10 f t  . 
11-4.2 Maintenance Disassembly and Assembly - The Experiment Source Ref- 
e r e n c e k .  The Objective of Elis experiment and a number of its definition and 
analysis aspects are  the same a s  for 11-4.2 Only those factors that entail differ- 
ences a r e  considered here. 1' 
Essentially, this experiment differs from 11-4. 2 as 11-1.1 differs from 11-3.1 3 The Subject's Pre-Test State and its EPO ratings are  h e  same as  for 11-1.1 The 1' 
3: Test Subject's Activity is completely analogous to 11-3.1 combining the habituation 
headturn sequence and the 11-4.2 maintenance disassem ?3, ly/assembly task into a 
time-reduced inertial profile. &O ratings for this factor a re  the same as for 
The Total Time for this experiment, its EPO ratings, and the repetition Interval 
are  the. same as 11-3.1 Number of Data Points is 30 (5 g-levels, 1 task, 3 orienta- 3' 
tions , and 2 performance criteria). Time per Data Point is 0.67 hour. The Measure- 
ment Environment, its EPO ratings, and the inertial profiles for the short-radius 
EPOs a r e  the same as for 11-3.1 Experiment Objective Attainment EPO ratings a r e  3' 
the same as  for 11-1.1 Equipment weights and volume are unchanged from 11-4.2 3' 1' 
11-4.3 Hand/Arm Steadiness - The Objective is to determine intentional hand/ 1 
arm steadiness throughout a nominal range of artificial gravity environments. 
The Experimental Source Reference is the AGC. The Measured Phenomenon is 
intentional hand/arm unsteadiness as determined by the frequency of contacts between 
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a hand-held probe and the rim of an aperture through which the probe is inserted. 
Common-use equipment includes a restraint cbzir, an automa$ic test o r~ t ro l ,  and 
recorders to receive and store digital data. Major Instruments or Apparatus (experi- 
ment-peculiar) are the psychornotor task board - on which the steadiness task is 
mounted -, and head-turn restraints. The steadiness task consists of a panel con- 
taining five apertures ranging from 0.14 to 0.54 inches in diameter, the panel in 
electrical series with the hand probe, a digital counter, and the test control. 
The Subject's Pre-Test State and its EPO ratings are the same as detailed for 
11-1. ll. The Test Subjectf s Activity consists of performing the steadiness task with- 
in a testing context requiring intermittent head turns while in the restraint chair. A 
single trial consists of the subject inserting the hand probe - with the arm in partial 
extention - into the largest of the five panel apertures, and rotating his bead (re- 
strained to move about the Y or Z cranial axes only) 70" up (for Y-axis) or  to the left 
(for Z-axis) in order to view a collimated cue light. The test control switches on the 
cue light and the aperture panel simultaneously, requiring the subject to turn his head 
as rapidly as possible to provide visual assistance for probe location. Fifteen seconds 
later a panel light signals the subject to transfer the probe to the next largest aper- 
ture and rotate his head back to view the collimated cue light, which switches on at 30- 
second intervals - giving the subject approximately a 15-second rest period at the cue 
light position during each complete trlal. A unit test sequence consists of one trial 
for each of the five panel apertures. With the four included rest-periods, the unit 
sequence time is 2-1/4 minutes. One unit sequence is performed for both Y- and Z- 
axis headturn planes, with both being repeated in three {two tangential and one axial) 
chair orientations. The number of repetitions and their mission scheduling are as - 
detailed in Experiment 11-1.11. Each repetition oonsists of 30 trials (5 apertures, 2 
H-T planes, 3 chafr orientations), and requires 1 hour. (20 minutes setup, 30 minutes 
test, 10 minutes cleanup). The number of probe contacts (providing the unsteadiness 
index) are totalized and recorded for each individual trial. The Test Subject's 
Activity EPO ratings are all excellent. 
The Total Time of the experiment and its EPO ratings are the same as  for 11-1.1 
The Number of Data Points is 630: 360 for Phase II/III (30 trials at each of 12 rpm/ 1' 
g-level environments), and 270 for Phase IV (30 trials, 3 radii, and 3 durations of 
partial-gravity exposure ). Total experimental time penalty is 21  hours, giving a Time 
per Data Point of 0,033 hour. The Measurement EnvSronment and its EPO ratings a re  
the same as for 11-3.1 with the exceptions that the g-level ratings for E POs 'b' and 'c ' 1 
are improved from poor to fair because the restraint ehdr allows repetitions to be 
conducted at two radii for each rpm level. Experiment Objective Attainment ratings are the 
same as 1-1. la ,  with the exception that E m s  'b' and 'c' are  rated poor because of the 
Subject Pre-Test State rating. Crew Time per Data Point is 0.066 hour. Weight per 
Experiment is 20 lb. Volume per Experiment is 2 ft3, 
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11-4.3 Hand/Arm Steadiness -The Experiment Source Reference is GDC. The 
Objective of%his experiment and a number of its definition and analysis aspects a re  
the same as for 11-4.3 Only those factors that entail differences are  considered 
he re. I' 
Essentially, this experiment differs from 11-4.3 as II-1.1 differs from 11-1.1 3 The Subject's Pre-Test State and its EPO ratings are  b e  same as  for 11-1.1 The 1' 
3: Test Subject's Activity is completely analogous to 11-3.1 combining the habituation 3 ' headturn sequence and the 11-4.3 steadiness task into a shortened Total Time profile. 
1 EPO ratings for this factor a r e  excellent for all. 
The Total Time for this experiment and its EPO ratings are  the same as  11-3. 13. 
The repetition Interval ranges from 2 to 16 hours (overnight). Number of Data Points is 
300 (10 rpm/g-level environments, 30 trials at each rpm/g-level environment). 
Time per Data Point is 0.067 hour. The Measurement Environ- 
ment and its EPO ratings are the same a s  for 11-3.1 . The inertial p r ~ f i l e s  for the 
short-radius EPOs are  nearly the same as for 11-3.3 with the exception that the use 
3'.. 
of chair restraint facilitates test repetitions at two radii at each of the appropriate rpm 
levels, rather than just one radius as in II-3.1 and the other experiments requiring a 3 
substantial gross mobility envelope. Experiment Objective Attainment ratings differ 
from 11-1.1 in the improvement of EPOs 'bl and 'c' from fair to good: the task per- 3 formance is less sensitive to the r;miolis/gravity artifact due to both the restraint of 
the subject and the static nature of the manual output, there is an increase in inter- 
pretive information because of the dud-radial repetitions. Equipment weights and 
volumes are  unchanged from II-4.3 
1' 
11-4.4 Striking Accuracy - The Objective is to determine the accuracy, of both 
-
visually- an i  proprioceptively-guided striking, throughout a nominal range of artificial 
gravity environments. 
The Experimental Source Reference is the AGC. The Measured Phenomenon is 
the accuracy of visually- and proprioceptively-guided striking movements a s  deter- 
mined by scoring target hits. Common-use equipment includes a restraint chair, an 
automatic test control, and recorders to receive and store digital data. Major In- 
struments or  Apparatus (experiment-peculiar) are  the psychomotor task board - on 
whicl- +h-. striking task is mounted - , and the head-turn restraints. The striking 
task consists of three six-inch diameter targets mounted, in a straight line, with 1 
foot separating adjacent bull seyes , on a rotatable panel attached to the psychomotor 
task board so that the common axis can be aligned either vertically or  horizontally. 
Each target is divided into a bullseye and three concentric rings. Electrical continuity 
link the targets, a hand-held stylus, digital counters, head-restraint position switches, 
and the test control. 
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The subject's Pre-Test State and its EPO ratings are the same as detailed for 
I - i 1  The Test Subject's Activity consists of performing the striking task, while 
seated in the restraint chair, within a testing context requiring intermittent head turns 
about the Y and Z cranial axes. A single trial begins with the subject's head turn (up 
for  Y-axis testing, to the left for Z-axis testing) to view' a collimated cue light. The 
light will flash a 1 , 2 , or  3 indicating which of the three targets (first, second, 
o r  third in the plane of headturn) he is to strike at. The subject immediately turns 
his head to view that target and attempt to strike its bullseye. Only a single attempt 
is allowed, with the accuracy being automatically scored: 4 for a bullseye and 3, 2, 
' and 1 for hits, respectively, in the three outer rings. Following that visually-guided 
strike, the subject immediately retracts his stylus and rotates his head back to the 
position for viewing the cue light, this head position being indicated to the test control 
through the facility of a position switch in the head restraint. He [immediately attempts 
to strike the same target bullseye again, this time guided only be limb proprioception 
as his head must be kept averted from the target to validate scoring. Again only one 
strike attempt is allowed, with scoring being the same. The proprioceptively-guided 
strike attempt completes the trial, with the display of the next number by the cue 
light starting the next trial. The task is paced by displaying target numbers at 5-second 
intervals and requiring that only target hits made within the five-second interval be 
scored. A total of six trials make up a unit testing sequence with the target numbers 
being ordered randomly. One unit sc;uence is performed in both Y- and Z-axis head- 
turn planes, with both being repeated in three (two tangential and one axial) chair 
orientations. The number of repetitions and their mission scheduling are as detailed 
in Experiment 11-1. ll. Each repetition consists of 36 trials (2 H-T planes, 3 chair 
orientations, 6 trials per sequence). Repetition time is 1 hour (20 minutes setup, 30 
minutes test, and 10 minutes cleanup). Striking accuracy indices are  provided by sep- 
arately totaling the cumulative sequence scores for visually - and proprioceptively- 
guided modes. The Test Subject's Activity EPO ratings a re  all excellent. 
The Total Time for the experiment and its EPO ratings a re  the same as  for II-1.1 
The Number of Data Points is 252: 144 from Phase II/III (2 striking modes, 2 head turn 1' 
planes, 3 orientations, and 12 rpm/g-level environments), and 108 from Phase IV 
(2 modes, 2 planes, 3 orientations, 3 radii, and 3 durations of partial-gravity ex- 
posure). Total Experimental time penalty is 21 bours, giving a Time per Data Point of 
0.083 hour. The Measurement Environment and its EPO ratings a re  the same as for 
11-4.3 
1' 
Experiment Objective Attainment and its EPO ratings are  the same as  detailed in 
11-H. 31. Crew Time per Data Point is 0,166 hour. Weight per Experiment is 20 lbs . 
3 Volume per Experiment is 2 ft . 
11-4. 43 Striking Accuracy - The Experiment source Reference is  GDC. The 
Objective of this experiment and a number of its definition and analysis aspects 
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a re  the same as for 11-4.4 Only those factors that entail differences a re  considered 
he re. 1' 
Essentially, this experiment differs from 11-4.4 as 11-1.1 differs from 11-1.1 3 The Subject's Pre-Test State and its EPO ratings are h e  same as  for If-1.1 The 1' 
3.' Test Subject's Activity is completely analogous to 11-3.1 combining the habituation 3 ' headturn sequence and the 11-4.4 striking task into a shortened Total Time profile. 
3 EPO ratings for this factor a re  excellent for all. 
The Total Time for this experiment and its EPO ratings a re  the same as 11-3.1 3' The.repetition Interval ranges from 2 hours o r  16 hours (overnight). Number of Data 
Points is 120 (2 modes, 2 H-T planes, 3 orientations, 10 rpm/g-level environments). 
Time per Data Point is 0.167 hour. The Measurement Environment, its EPO ratings, 
and the inertial profiles for the short-radius EPOs are  the same as  for 11-4.3 3' 
Experiment Objective Attainment EPO ratings are  the same as  for 11-4.3 and 
equipment weights and volumes are unchanged from 11-4.4 3 ' 1' 
11-4.5 ~ o o r / ~ a t c h  Operation - The Objective is, to determine the door/hatch 1 
operational acceptability throughout a nominal range of artificial gravity environments. 
The Experimental Source Reference is the AGC. The Measured Phenomenon i s  
the acceptability of door/hatch operations, in various rpm/g-level environments, as 
a function of design, orientation, and use - acceptability being assayed using subjec- 
tive, cinegraphic, ergometric, and time-and-motion techniques. Common-use pieces 
of equipment are event timers and cinegraphic cameras. Major Instruments o r  Appara- 
tus (experiment-peculiar) include functional mock- s of two door/hatch options, nine 
experimental cargo items - cubes of 1 ,  4, and 9 ft for each of three homogeneous 
weights of 10, 50 and 100 lbs., and a questionnaire. The door/hatch mockups can be 
easily secured for testing stability and repositioned for an orthogonal change in orien- 
tation. The Subject's Pre-Test State and its EPO ratings are  the same as  for 11-1. l1 
and are detailed there. The Test Subject's Activity consists of walking back and fortli 
through the door/hatch mockup - empty- handed o r  carrying a cargo item - while 
wearing the portable AMR monitor, and making subjective evaluations of the operation's 
acceptability. A single task trial consists of a complete translational cycle through the 
door/hatch mockup and return. A trial is performed while wearing the AMR monitor, 
walking either tangentially or axially, empty-handed or  carrying one of the cargo items, 
at a nominal or  maximal pace. The number of repetitions and their mission scheduling 
are  as  detailed in 11-1.1 The number of trials per Phase II/III repetition is 80: 2 
1' 
mockup orientations (tangential and axial), 10 burdens (9 cargo items and none), 2 door/ 
hatch mockups, and 2 translational paces . The number of trials per Phase IV 
repetition is 40 (number of burdens is reduced to 5 .- 4 cargo items and none). 
Repetition time is 1.5 hours (20 minutes setup, 60 minutes test, and 10 minutes 
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cleanup) for Phase 11/11 and 1 hour for Phase IV. Acceptability indices for door/ 
hatch operations consist of translational efficiency based on ti-me-and-motion criteria, 
and metabolic energy costs per operational alternatives. The Test Subject's Activity 
EPO ratings are the same as  for 11-1.1 1' 
The Total Time for the experiment and its EPO ratings are the same as for 
The Number of Data Points is 2640: 1920 from Phase II/III (80 trials per 
~ ~ ~ ~ t k o n ,  12 rpm/g-level environments, 2 indices of acceptability), and 720 from 
Phase IV (40 trials per repetition, 2 indices, 3 radii, and 3 durations of partial-gravity 
exposure). Total experimental time penalty is 27 hours, giving a Time per Data Point 
of 0.01 hour. The Measurement Environment and its EPO ratings are the same as  
for 11-3.1 1' 
Experiment Obje'ctive Attainment and its EPO ratings are the same as detailed in 
1-1. ll. Crew Time per Data Point is 0.02 hour. Weight per Experiment is 170 lbs. 3 
Volume per Experiment is 14 ft . 
11-4.5 ~oor/Hatch Operation - The Experiment Source Reference is GDC. The 
~ b ~ e c ~ d t h i s  experiment and a number of its definition and analysis aspects are 
the same as for 11-4.5 Only those factors that entail differences are considered here. 1' 
Essentially, this experiment differs from 11-4.5 as 11-1.1 differs from II-1.1 3 The Subject's Pre-Test State and its EPO ratings are h e  same as  for 11-1.1 The 1' 
3.' Test Subject's Activity is completely analogous to 11-3.1 , combining the habituation 
headturn sequence and the 11-4.5 door/hatch operationd task into a shortened Total - 
Time profile. EPO ratings for tiis factor are the same as  for 11-1.1 
1' 
The Total Time for this experiment and its EPO ratings are the same as 11-3.1 
The repetition Interval ranges from 2 hours to 16 hours (overnight). Number of Data 3' 
Points i s  800 (80 trials, 2 acceptability indices, 5 g-levels). Time per Data Point is 
0.025 hour. The Measurement Environment, its EPO ratings, and the inertial profiles 
for the short-radius EPOs are  the same as for 11-3.1 Experiment Objective Attain- 3' 
ment EPO ratings are the same as for 11-1.1 and equipment weights and volumes 
are unchanged from 1-4.5 3 ' 1' 
11-5.0 Fine Motor Performance - The common objective of the experiments in 
this sub-category is to determine the effectiveness of fine motor performance through- 
out a nominal range of artificial gravity environments. 
The same environmental factors of concern in considering gross motor per- 
formance - coriolis forces, cross-coupled angular accelerations, and reduced gravity 
levels - are contingencies in fine motor performance, with a change in emphasis due 
to the altered characteristics of the performance involved. Fine motor performance 
tends to emphasize speed and precision of eye-hand coordination, with a reduction in 
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gross motion components. It would tend, therefore, to be more sensitive to cross- 
coupled angular acceleration effects - particularly, the vestibule-ocular responses - 
than to proprioceptive coriolis and reduced gravity effects. In a rotating environment, 
head motions such as those used in monitoring widely-spaced dials and switches may 
result in nystagmus and visual illusions. Nystagmus causes difficulty in visual fixa- 
tion, producing an apparent displacement of dials and switches. In addition, coriolis 
forces acting on the hand reaching for the dials complicates operation of standard 
knobs and switches. There have been some investigations of fine motor performance 
performed both in government and industrial facilities. The experiments to date have 
shown some decrements in performance before adaptation occurs depending on the sub- 
ject's orientation and a reduction in performance decrements after adaptation occurs. 
However, these experiments have been rather limited in scope and systematic research 
is required to obtain more comprehensive information. The manned orbital missions 
have demonstrated that the astronauts can perform fine motor tasks accurately in 
zero-g while restrained. Tests in artificial-g are required to substantiate the data ob- 
tained in groundbased rotational experiments. The tests will establish how levels of 
artificial-g below one affect performance, facilitating subsequent establishment of 
optimum time lines, ensuring the most efficient utilization of crew time. Tests of 
finger and manual dexterity will provide information relevant to the design and opera- 
tion of, respectively, control switches and handles. A display/control task will pro- 
vide information on the performance of an integrated console task requiring visual 
acuity and manual speed and accuracy. A dis assembly/assembly task emphasizing 
fine motor skills will provide the necessary assay to complement the design and opera- 
tion guidelines provided by the gross disassembly/assembly task. 
11-5. l1 Finger Dexterity - The Objective is to determine finger dexterity 
throughout a nominal range of artificial gravity environments. 
The Experimental Source Reference is the AGC. The Measured Phenomenon is 
the ability to manipulate small objects with the fingers as determined by the number 
of manipulations performed per unit time. Common-use equipment includes a restraint 
chair, an automatic test control, and recorders to receive and store digital data. 
Major Instruments or  Apparatus (experiment-peculiar) are the psychomotor task 
board - on which the finger dexterity task is mounted -, and the head-turn restraints. 
The finger dexterity task consists of a template containing a number of tapped holes, 
and a small hex and square, each with a threaded stud on one side and a tapped hole 
on the other. 
The Subject1 s Pre-Test State and its EPO ratings are the same as detailed 
for 11-1. ll. The Test Subject's Activity consists of performing the finger dexterity 
task, while seated in the restraint chair, within a testing context requiring inter- 
mittent head turns about the Y and Z cranial axes. A single trial begins with the 
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subject's head turned (up for Y-axis testing, to the left for Z-axis testing) to view a 
collimated cue light. When the light flashes, the subject immediately turns his head 
to view the template, picks up the hex and square in separate hands and begins the 
task performance. The basic performance task consists of a sequence of eighteen 
operations: (1) joining hex and square, (2) threading hex stud into tapped hole at  
bottom of template, (3)  unscrewing stud from template, (4) separating hex and square, 
(5) and (6) threading hex and square studs into individual holes in template - must be 
done with the right and left hands, respectively, and can be done simultaneously to 
increase speed, (7) and (8) analogous removal of hex and square from holes, (9) join- 
ing hex and square, (10) thru (17) essentially repeats (2) thru (9), with the exception 
that the hands are reversed in attaching the hex and square, respectively, to the tem- 
plate, and (18 ) threading hex stud into tapped hole at top of template. Once the subject 
completes operation ( la) ,  he unscrews the hex stud from the template and begins the 
entire sequence over again. In response to an audible signal, the subject stops the 
sequence at whatever point he has reached and rotates his head back to the cue light 
position. The cue light and audible signal are activated at 15-second intervals from 
each other. With the second activation of the cue light, the subject again rotates his 
head to view the template and begins the task performance, at each trial always begin- 
ning with operation (1) - if hex and square are joined to each other o r  to the template, 
they must be separated following the headturn in order to begin-with operation (1). 
The subject is scored on the numbEir of operations he performs - he is monitored 
visually by the examiner and given credit for whatever operation he is performing 
when the audible signal ends the trial. A total of five trials make up a unit testing 
sequence, with the subject's score being the total number of operations performed 
during those five trials. One unit sequence is performed in both Y- and Z-axis head- 
turn planes, with both being repeated in three (two tangential and one axial) chair 
orientations. The number of repetitions and their mission scheduling are as detailed 
in Experiment 11-1. ll. Each repetition consists of 30 trials (2 H-T planes, 3 chair 
orientations, and 5 trials per sequence). Repetition time is  1 hour (20 minutes setup, 
30 minutes test, and 10 minutes cleanup). The Test Subject's Activity EPO ratings 
a r e  all excellent. 
The Total Time for the experiment: and its EPO ratings are  the same as for II-1.1 
The Number of Data Points is 126:72 from Phase II/III (2 H-T planes, 3 orientations, 1' 
and 12 rpm/g-level environments), and 54 from Phase IV (2 planes, 3 orientations, 
3 radii, and 3 durations of partial-gravity exposure). Total Experimental time penalty 
is 21 hours, giving a Time per Data Point of 0.168 hour. The Measurement Environ- 
ment and its EPO ratings are the same a s  for 11-4.3 1' 
Experiment Objective Attainment and its EPO ratings are the same as  detailed in 
11-4. 31. Crew Time per Data Point is 0.336 hour. Weight per Experiment is 20 lbs. 
Volume per Experiment is 2 ft3. 
11-5. l3 Finger Dexterity - The Experiment Source Reference is GDC. The 
- 
Objective of this experiment and a number of its definition and analysis aspects are 
the same as for 11-5. ll. Only those factors that entail differences are considered 
here. 
Essentially, this experiment differs from 11-5. l1 as 11-1. l3 differs from 11-1. ll. 
The Subject's Pre-Test State and its EPO ratings are  the same as for 11-1. 13. The 
Test Subject's Activity is completely analogous to 11-3.13, combining the habituation 
headturn sequence and the 11-5. l1 finger dexterity task into a shortened Total Time 
profile. EPO ratings for this factor are the same as for 11-l;ll. 
The Total Time for this experiment and its EPO ratings a re  the same as IC-3.1 
The repetition Interval ranges from 2 hours to 16 hours (overnight). Number of Data 3' 
Points is 60 (2 H-T planes, 3 orientations, 10 rpm/g-level environments). Time per 
Data Point is 0.33 hour. The Measurement Environment, its EPO ratings, and the 
inertial profiles for We short-radius EPOs are the same as  for 11-4.3 
3' 
Experiment Objective Attainment EPO ratings a re  the same as for 11-4.3 Crew 3' Time per Data Point is 0.66 hour, and equipment weights and volumes are unchanged 
from 11-5.1 
1' 
11-5. 21 Manual Dexterity - The Objective is to determine manual dexterity 
throughout a nominal range of artificial gravity environments. 
The Experimental Source Reference is the AGC. The Measured phenomenon is 
the ability to manipulate an object with the preferred hand as determined by the num- 
ber of manipulations performed per unit time. Common-use equipment includes a 
restraint chair, an automatic test control, and recorders to receive and store digital 
data. Major Instruments or  Apparatus -(experiment-peculiar) are the psychomotor 
task board - on which the manual dexterity task is mounted -, and the head-turn 
restraints. The manual dexterity task consists of a board containing six cut-outs, 
each of a different geometric shape and each coded with a different color, and a gray 
cube from whose six faces project six matching color-coded geometric shapes. 
The Subject1 s Pre-Test State and its EPO ratings are the same as detailed for 
11-1. ll. The Test Subject1 s Activity consists of performing the manual dexterity task, 
while seated in the restraint chair, within a testing context requiring intermittent head- 
turns about the Y and Z cranial axes. A single trial begins with the subject1 s head 
turned (up for Y-axis testing, to the left for Z-axis testing) to view a collimated cue 
light. When the light comes on, the subject immediately turns his head to view the 
performance task, picks up the dexterity block (cube) in his preferred hand and begins 
the task performance. The basic performance task consists of working clockwise 
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around the color-coded board, inserting it and retrieving from it the comparably- 
coded block, using only the preferred hand. Certain restrictions on performance are  
imposed: the subject is required to pick up the block by grasping the geometric pro- 
jection corresponding to the next receptacle in sequence, rotate the block in his hand 
and insert it, then retrieve it, etc., not being allowed to touch the central (gray) por- 
tion of the block during insertion and retrieval. He continues to work clockwise around 
the board, completing as many consecutive insertions as possible during each trial. 
The trial end is signaled audibly, in response to which the subject completes whichever 
insertion he is engaged in and then immediately rotates his head back to the cue light 
position The cue light and audible signal are activated at 15-second intervals from 
each other. With the second activation of the cue light, the subject again rotates his 
head to view the dexterity task and resumes at  the point terminating the previous trial. 
The subject is scored on the number of insertions he performs - he is monitored 
visually by the examiner and given credit for whichever insertion he is performing 
when the audible signal ends the trial. A total of five trials make up a unit testing 
sequence, with the subject's score being the total number of insertions performed 
during the five trials. One unit sequence is performed in both Y- and Z-axis head- 
turn planes, with both being repeated in three (two tangential and one axial) chair 
orientations. The number of repetitions a d  their mission scheduling are as detailed 
in Experiment 11-1. ll. Each repetition consists of 30 trials (2 H-T planes, 3 chair 
orientations, and 5 trials per sequence). Repetition time is 1 hour. (20 minutes setup, 
30 minutes test, and 10 minutes cleanup). The Test Subject's Activity EPO ratings axe 
all excelleilt. 
The Total Time for the experiment and its EPO ratings are  the same as  for . 
11-1.1 The Number of Data Points is 126: 72 from Phases II/III (2 H-T planes, 3 1' 
orientations, and 12 rpmlg-level environments) and 54 from Phase ZTT (2 planes, 3 or- 
fentations , 3 sadii, and 3 durations of partial-gravity exposure). Total Experimental 
time penalty is 21 hours giving a Time per Data Point of 0.168 hour. The Measurement 
Environment and its EPO ratings are  the same a s  for 11-4.3 
1' 
Experiment Objective Attainment and itsEPO ratings a r e  the same as detailed in 
11-4.31. Crew Time per Dat Point is 0.336 hour. Weight per Experiment is 20 lbs. 
a3 Volume per Experiment is 2 ft . 
11-5. Z3 Manual Dexterity - The Experiment Source Reference is GDC. The 
Objective of this experiment and a number of its definition and analysis aspects are 
the same as for 11-5.21. Only those factors that entail differences are  considered 
here. 
Essentially, this experiment differs from 11-5. 21 as 11-1. l3 differs from 11-1. ll. 
The Subject's Pre-Test State and its EPO ratings are the same as for 11-1.13. The 
Test Subject s Activity is completely analogous to 11-3. 13, combining the habituation 
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headturn sequence and the 11-5. 21 manual dexterity task into a shortened Total Time 
Profile. EPO ratings for this factor are  the same as for 11-1.11. 
The Total Time for the experiment and its EPO ratings w e  the same a s  11-3.1 
3' The repetition Interval ranges from 2 hours to 16 hours (overnight). Number of Data 
Points i s  60 (2 H-T planes, 3 orientations, 10 rpm/g-level environments). Time per 
Data Point is 0.33 hour. The Measurement Environment, its EPO ratings, and the 
inertial profiles for the short-radius EPO are the same as  for 11-4.3 
3 ' 
Experiment Objective Attainment EPO ratings a r e  the same as for It-4.3 Crew 3' 
Time per Data Point is 0.66 hour, and equipment weight and volumes are  unchanged 
from 11-5. 21. 
11-5. 31 ~ i s p l a ~ / ~ o n t r o l  Task - The Objective i s  to determine operator control/ 
display efficiency throughout a nominal range of artificial gravity environments, 
The Experimental Source Reference is the AGC. The Measured Phenomenon is 
the subjectf s control/display efficiency as determined by his performance characteris- 
tics on a visuomotor task requiring headturns. Common-use equipment include a 
restraint chair, an automatic test control, and recorders to receive and store analog 
and digital data. Major  instrument^ o r  Apparatus (special-purpose) include a headturn 
restraint capable of limiting head rotations to a single plane (Z-axis o r  Y-axis) at a 
time, and supplied with potentiometric outputs at the headturn spindles, and the 
Response Analysis Tester (RATER), the visuomotor testing device used in several of 
the tests described previously (1-1. lc ,  1-1.3, and 1-2.0). The RATER is used with 
the display not collimated, with zero delay mode, and with the response micro- 
switches deployed in a line to require a total reach envelope of approximately 85" of 
visual angle. 
The Subject1 s Pre-Test State and its EPO ratings are the same as detailed for 
11-1.11. The Test Subject1 s Activity consists of performing the control/display task, 
while seated in the restraint chair, within a testing context requiring intermittent 
headturns about the Y and Z cranial axes. A single trial begins with the subjectf s head 
turned (up for Y-axis testing, to the left for Z-axis testing) to view a collimated cue 
light. When the light comes on, the subject immediately turns his head to view the 
RATER display (a 70" turn is required) and begins responding, as the display is acti- 
vated simultaneous with the s tartf  light. The RATER is operated in the self-paced 
mode, so that as quickly as  a correct response is made, the next symbol is displayed 
on the screen. The four response switches are aligned along a rotatable panel so  
that the 85" visual envelope can be required vertically (for Y-axis testing) o r  hori- 
zontally (for Z-axis testing). The unit testing sequence totals five fifteen-second 
trials, interspersed by four fifteen-second rest periods spent with head in position 
for monitoring the starting light. Total responses and total correct responses are 
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recorded automatically, as  is a d-c signal indicating the latency of response to each 
display. The headturn potentiometers provide a rate-of -headturn measurement. The 
primary performance index i s  the net score (total correct minus total errors for the 
trials making up a single sequence). One unit sequence i s  performed in both Y- and 
Z-axis headturn planes, with both being repeated in three (two tangential and one axial) 
chair orientations. The number of repetitions and their mission scheduling are as  
detailed in Experiment 11-1.1 Each repetition consists of 30 trials (2 H-T planes, I' 3 chair orientations, and 5 trials per sequence). Repetition time is 1 hour (20 minutes 
setup, 30 minutes test, and 10 minutes cleanup). The Test Subject's Activity EPO 
ratings are all excellent. 
The Total Time for the experiment and its EPO ratings are the same as  for IC-1. 
The Niunber of Data Points is 378: 216 from Phases II/III (3 RATER performance 
criteria - net score, H-T rate, and response latency -, 2 H-T planes, 3 chair or- 
ientations, and 12 rpm/g-level environments), and 162 from Phase IV (3 RATER 
criteria, 2 H-T planes, 3 orientations, 3 radii, and 3 durations of partial-gravity ex- 
posure). Total experimental time penalty is 21 hours, giving a Time per Data Point 
of 0.055 hour. The Measurement Environment and its EPO ratings are  the same as 
for 11-4. 31. 
Experiment Objective Attainm-nt and its EPO ratings are the same as detailed 
in II-4. 31. Crew Time per Data Point is 0.11 hour. Weight per Experiment is 4 lbs. 3 Volume per Experiment is 0.6 ft . 
11-5.3 ~isplay/Control Task - The Experiment Source Reference is GDC. The 3 Objective of this experiment and a number of its definition and analysis aspects are 
the same as for 11-5.3 Only those factors that entail differences are considered 
here. 1 '
Essentially, this experiment differs from 11-5.3 as 11-1.1 'differs from II-1.1 3 The Subject's Pre-Test State and its EPO ratings are !he same as for 11-1.1 . The 1' 
Test Subject's Activity is completely analogous to 11-3.1 combining the hagituation 3 ' headturn sequence and the 11-5.3 RATER task into a shortened Total Time profile. 
EPO ratings for this factor are the same as  for 11-1.1 1' 
The Total Time for this experiment and its EPO ratings are  the same as for 
11-3.1 The repetition Interval ranges from 2 hours to 16 hours (overnight). Number 3' 
of Data Points is 180 (3 RATER criteria, 2 H-T planes, 3 orientations, 10 rpm/g-level 
environments). Time per Data Point is 0.111 hour. The Measurement Environment, 
its EPO ratings, and the inertial profiles for the short-radius EPOs are the same as 
for 11-4. 33. Experiment Objective Attainment EPO ratings are the same as for 11-4.3 
Crew Time per Data Point is 0.222 hour, and equipment weight and volume are un- 3 ' 
chauged from IC-5.3 1' 
VOL. 11 2 67 
11-5. 41 Maintenance   is assembly and Assembly - The Objective is to determine 
the effectiveness of standard- maintenance disaasembly/as~embly techniques featuring 
fine motor performance throughout a nominal range of artificial gravity environments. 
The ~xperimental  Source Reference is the AGC. The Measured Phenomenon is 
the effectiveness of the s ubjectl s performance of a standard maintenance disassembly/ 
assembly task in various rpm/g-level environments, task performance being assayed 
using subjective, cinegraphic, and time-and-motion techniques. Common-use equip- 
ment includes a restraint chair/work bench unit, event t imer,  and cinegraphic cameras. 
Major Instruments or  Apparatus (experiment-peculiar) are the disassembly/assembly 
task item, a set  of standard tools, and a questionnaire. The task item provides, and 
facilitates the performance assay of, the disassembly/assembly task. 
The Subject1 s Pre-Test State and its EPO ratings are the same as detailed 
for 11-1. ll. The Test Subject's Activity consists of performing the disassembly/ 
assembly.task using the standard tools provided, and making subjective evaluations 
subsequent to its completion. This task differs from the 11-4.2 disassembly/assembly 
task in that the former features the manipulation of small items while restrained at a 
work bench, while the latter features large item manipulation requiring some gross 
body movement.. The number of repetition and their mission scheduling are  as 
detailed in Experiment 11-1. 11. Each Phase II/III . repetition consists of 9 trials (one 
task, 3 orientations, 3 trials each). Each Phase IV repetition consists of 3 t r ia l s ,  
(one task, only one orientation to reduce time penalty - using worst case from II/III 
-, 3 trials). Phase II/III repeitition time is 105 minutes (10 minutes setup, 90 min- 
utes test ,  5 minutes cleanup). Phase IV repetition time is 45 minutq's. Effectiveness 
of task performance is determined primarily on the basis of execution time and errors.  
EPO ratings for Test Subject's Activity a re  excellent for all EPOs. 
The Total Time for the experiment and its EPO ratings are  the same as for 
11-1.1, . The Number of Data Points is 81: 72 from Phase II/III (1 task, 3 orientations, 
12 rpm/g-level environments and 2 performance criteria) and 9 from Phase IV (l'task, 
1 orientation, 3 radii, and 3 durations of partial-gravity exposure). Total experiment- 
al  time penalty is 28 hours, giving a Time per Data Point of 0.346 hour. The Measure- 
ment Environment and its EPO ratings a re  the same as  for 11-4.3 
1' 
Experiment Objective Attainment and its EPO ratings are the same as  detailed in 
11-4. 31. Crew Time per Data Point is 0.692 Jhour. weight per Experiment is 6 lbs. 
Volume per Experiment is 0.7 ft3. 
11-5. 43 Maintenance Disassembly and Assembly - The Experiment Source 
Reference is GDC. The Objective of this experiment and a number of its definition 
and analysis aspects are the same as for 11-5. 41. Only those factors that entail 
differences a re  considered here. 
Essentially, this experiment differs from 11-5. 41 as 11-1. l3 differs from 11-1. ll. 
The Subject1 s Pre-Test State and its EPO ratings are the same as for 11-1. 13. The 
Test Subject's Activity is completely analogous to 11-3. 13, combining the habituation 
headturn sequence and the 11-5. 41 disassembly/assembly task into a shortened Total 
Time profile. EPO ratings for this factor are the same as for 11-1. ll. 
The Total Time for this experiment and its EPO ratings a r e  the same as for 11-3. 13. 
The repetition Interval ranges from 2 hours to 16 hours (overnight). Number of Data 
Points is 60 (10 rpm/g-level environments, 1 task, 3 orientations and 2 performance 
criteria). Time per Data Point is 0.33 hour. The Measurement Environment, its EPO 
ratings, and the inertial profiles for the short-radius EPOs are  the same a s  for 11-4.3 
3' 
Experiment Objective Attainment EPO ratings a re  the same a s  for 11-4.3 Crew 3 " Time per Data Point is  0.67 hour, and equipment weight and volume are  unchapged 
from 11-5.41. 
11-6. 0 Taxis 
11-6. l1 Taxis - The objective is to determine the effectiveness of static and 
dynamic postural equilibrium throughout a nominal range of artificial gravity environ- 
ments. 
The Experiment Source Reference for this study definition is the AGC. The 
Measured Phenomena are  the subject's walking and standing abilities as sensitized by 
the constraints of the standard NAMI Floor Ataxia Test Battery (FATB). 
Walking and standing involve nonves tibular proprioceptive mechanisms as well 
as vestibular ones. As such, deterioriation in these functional abilities have been 
correlated, over a large number of groundbased studies using various ataxia test 
batteries, with the abnormal vestibular stimulation effects of gravitoinertial force 
environments, motion sickness susceptibility , labyrinthine caloric threshold response 
levels, proficiency of gymnastic body control, experimentally induced positional alco- 
hol nystagmus and blood alcohol levels, and clinical-type ataxia test responses. While 
postural disequilibrium o r  ataxia has been found to correlate with some single o r  ana- 
lytically combined nonvestibular factors such as body configuration, age, and cardio- 
pulmonary reserve, subject differences in general are  primarily attributable to ex- 
perimentally induced vestibular and proprioceptive effects in normal individuals o r  to 
clinical otoneurological defects. Although not considered to be as serious a potential 
operational problem as motion sickness, elucidation of the underlying mechanisms of 
taxis is of major pertinence to the effective design and operation of manned perrota- 
tional vehicles, and is also of theoretical scientific interest. In a reduced-gravity 
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environment, the stimulus to the balancing mechanisms may be of such a low magnitude 
that there may be some decrease in balance effectiveness. When the low-gravity field 
is provided by rotation, the balance capability may be further impaired because of 
coriolis forces and the cross-coupled angular accelerations. In order to see  whether 
this effect is  of sufficient magnitude to cause concern, experimental investigations are 
required. 
The astronaut moving about in a rotating environment will be subjected to coriolis 
forces and cross-coupled angular accelerations. The magnitudes of the coriolis forces 
and the direction in which the forces act will vary depending on the walking direction 
relative to the axis of rotation. The same holds true relative to the cross-coupled 
angular accelerations that will be experienced when he turns his body rapidly from one 
orientation to another. As a result it may be difficult to properly coordinate the body 
and limb motions and to maintain postural equilibrium since varying stimuli will result 
from an attempt to make essentially identical voluntary motions in each case. 
The problems may be further complicated when the stimuli to the normal bal- 
ancing mechanisms are reduced as would be the case for artificial-g levels less than 
one, especially if it is  also accompanied by visual illusions. 
Earth simulators have limitrtions for assessing the ataxia effects during walking 
in a rotating environment. One limitation is that the method of supporting a subject in 
the correct attitude constrains the subject to walk in a single plane. Thus, ataxia may 
not become evident in earth simulators making it difficult to extrapolate earthbaaed 
results to the artificial-gravity environment where the subject has six degrees of free- 
dom. The result is that artificial-gravity measurements of ataxia are  mandatory. 
Four functional boundaries are  expected to influence walking on the floors of 
rotating space vehicles. (The bases of the envelope are partly supposition and partly 
groundbased data.) Those data primarily g-dependent have been reasonably corrobor- 
ated by studies during A/C parabolic flight and hypo-g simulations. 
The upper gravity boundary is  one below which when walking at 3 ft/sec the body 
will never exceed 1 g. Below the leg weight boundary, the feet, when walking at  3 ft/ 
sec,  will not exceed 1 g. Above the 0. 1 g traction limit, traction is  expected to be 
adequate. The fourth boundary, the ratio of coriolis force to artificial weight, is one 
above which when walking 3 ft/sec the change in weight due to the relative motion will 
not exceed 0.5 of the artificial weight. A number of studies at  LRC have examined 
walking in simulated artificial gravity at the nominal values of 1/6, 0.2, 0.3, and 0.5 g. 
While walking against the rotation at 1/6 g traction became difficult which tends to 
verify the traction boundary. At 0.5 g while walking with the rotation, the subjects 
complained of leg heaviness, indicating that the boundary for leg heaviness may be 
somewhat high. Walking at 0.3 g seemed to be the most amenable g of those studied. 
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The coriolis/gravity boundary has not essentially been established at 0.5. It should 
be noted that these data were obtained for curved floors having a constant value of 
radius. Flat floors, depending on the radius, can impose additional difficulties, 
The use of the NAMI Floor Ataxia Test Battery (FATB), is recommended for 
several reasons: (1) its precise constraints make it more quantifiable and more sensi- 
tive to equilibration dysfunction than conventional locomotion tasks, therefore, it both 
supplements and complements data to be derived from the latter tests performed in 
the same environment; (2) it makes available a large body of normative and ground- 
based experimental data against which to compare spacebased results; and (3) it pre- 
sents some advantages over the NAMI Rail Ataxia Test Battery (RATB), with which it 
shares the above virtues, in that a rail is  not required for conduct of the test, and the 
hazard of falling when balance is lost is thus essentially eliminated. 
Common-use pieces. of equipment involved are two cinegraphic cameras. Major 
Instruments or  Apparatus (experiment-peculiar) required are a sound equalizer and a 
floor grid. The sound equalizer consists of the ear  pieces of a stethoscope integrated 
by a plastic tee, with the tee open to the environment. This item is worn by the sub- 
ject during the testing, to distribute all sounds, from whatever direction, symmetric- 
ally to his right and left ears. This prevents tropic imbalance due to asymmetric 
sound. The floor grid consists of a seven-foot by seven-foot square area marked off 
in a six-inch grid, the two axes of the square running axially and tangentially, The 
grid is a permanent part of the flooring and the individual squares of the grid are  
boldly identified, using an alphanumeric system, so  that they are legible when viewed 
by the examiner through the T V  monitor. 
The Subject's Pre-Test State and the associated EPO ratings are  the same as 
for 11-1. ll. 
The Test Subject's Activity requires that he perform all of the standing and 
walking balance tests making up the Floor Ataxia Test Battery (FATB), These are 
performed twice during one test repetition: once in the axial direction and once in 
the tangential direction, All of the tests making up the battery are performed with the 
subject in the stringent body position of arms folded against chest, feet (shoes on) 
heel-to-toe and tandemly aligned (SOLEC md Classical Romberg Tests excepted), and 
body erect o r  nearly erect. Adminis tered in the following order, they consist of the: 
(1) Sharpened Romberg (SR) - standing with eyes closed for a period of 60 seconds; 
(2) Stand One Leg Eyes Closed (SOLEC-R and SOLEC-L) - standing for a period of 
30 seconds; (3) Walk a Line Eyes Closed (WALEC) - walking a distance of seven feet in 
a straight line; (4) Walk on Floor Eyes Closed (WOFE C) - same as WALE C, but 
scored differently; (5) Classical Romberg. In instances of extremely poor performance 
eyes-open versions of the following tests are administered: (6) Sharpened Romberg 
(SR E/o); (7 ) Stand One Leg Eyes Open (SOLEO-R and SOLEO-L); (8) Walking a Line 
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Eyes Open (WALEO); (9) Walking on Floor Eyes Open (WOFEO); (10) Classical Rom- 
berg Eyes Open (CR E/O). A description of the indi~idual~ataxia tests and scoring 
procedures follows. 
Sharpened Romberg (SR). A maximum of four trials is administered. Testing 
is discontinued when the criterion score of 60 secondsf standing time is obtained on 
any trial. Subjects are permitted to close their eyes at any time after assuming the 
correct body and foot positions. A score of 60 seconds on the first trial i s  weighted 
4, and a perfect test score of 240 (60 seconds x 4 trials) - subjects are  credited 
vith perfect scores on the remaining nonadminis tered trials - is assigned; a perfect 
score on the second trial is weighted 3 ,  and 180 (60 x 3) plus the number of seconds 
stood on the first trial becomes the assigned test score; a perfect score on the third 
trial is weighted 2, and 120 (6 0 x 2) plus the number of seconds stood on the first  two 
becomes the assigned test score; with subjects requiring a fourth trial, the total num- 
ber of seconds stood on the four trials becomes the assigned test score. 
Stand on One Leg Eyes Closed (SOLE C). Subjects undertake this test upon com- 
pletion of the SR. The task consists of standing on each leg (SOLE C-R and SOLE C-L) 
with arms folded against chest. A maximum of five trials is administered. Testing on 
each leg is discontinued when the criterion score of 30 seconds is obtained on any trial. 
Subjects are  not permitted to make ,,his a dynamic test by virtue of moving the standing 
foot in any way. However, any amount of movement of the opposite leg o r  of the body 
is permitted as long as the body is maintained in an erect o r  near-erect position. 
Subjects are permitted to close their eyes at any time after assuming the correct body 
position. Subjects who violate the static foot requirement are stopped immediately, 
and number of seconds stood prior to the violation constitutes the trial score. Sub- 
jects begin the test on the leg of their choice. Subjects who require more than one 
trial on each leg (stand less than 30 seconds) are requested to alternate legs on addi- 
tional trials in the interest of reducing fatigue. A perfect score on the first  trial is 
weighted 5, and a perfect test score of 150 (30 seconds x 5 trials) - credit for non- 
administered trials is given as for the SR test - is assigned; a perfect score on the 
second trial is weighted 4,  and a score of 120 (30 x 4) plus the number of seconds 
stood on the first trial is assigned; a perfect score on the third trial is weighted 3,  
and a score of 90 (30 X 3) plus the number of seconds stood on the two previous tests 
is assigned; a perfect score on the fourth trial is weighted 2, and a score of 60 (30 X 2 )  
plus the number of seconds stood on the three previous trials is  assigned, with sub- 
jects requiring a fifth trial, the total number of seconds stood on the five trials be- 
comes the assigned test score. 
Walk a Line Eyes Closed (WALEC). Subjects undertake this test upon comple- 
tion of the SOLEC. The task consists of walking as straight as possible a 7-foot long 
line on the floor at a walking speed typical to the subject, with arms folded against 
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chest and feet tandem, heel-to-toe (shoes on). Trials during which the foot position 
is violated either by non-tandem alignment of feet or  by toe not touching heel are  not 
scored. A maximum of five nonscorable trials is permitted. Each scorable trial 
requires that subject walk the entire 7-foot distance. Subjects alternate their starting 
position from trial to trial. The number of inches of deviation from the line (mea- 
sured to the nearest inch from the center of the foot) at the end of its 7-foot length 
constitutes a trial score, and the total of the two best trials out of three (best equals 
least deviant from the line) constitutes the test score. Subjects not meeting the cri- 
teria for scorable trials are scored as unable to perform (UTP). A major limitation 
of the WALE C procedure is that in notably ataxic individuals the qualitative per- 
formance is often more deviant from normal than the individualt s score would indi- 
cate. Hence, the addition of the WOFEC to the test battery. The WALEC appears to 
be as much o r  more a test of spatial orientation than of a test of ataxia. 
Walk on Floor Eyes Closed (WOFEC). This test and the WALEC are admin- 
istered simultaneously. The task consists of walking as straight as possible five 
heel-to-toe steps beyond the first  two starting steps. A maximum of five trials is 
administered. The best three out of five trials constitute the score. The maximum 
test score obtainable is 15 (5 steps x 3 trials). 
Eyes Open Tests and the Classical Romberg. Subjects with unusually poor eyes- 
closed test performance scores are administered also the Classical Romberg (CR) 
test with eyes closed, followed by the eyes open versions of all test procedures, viz. , 
SR E/O, SOLEC (R and/or L), WALEO, WOFEO, and CR E/O). 
The only modification of the NAMI procedure is reducing the linear walking dis- 
tance from 12 to 7 feet to conform more to the spatial restrictions of the space vehicle 
environment. Studies at GDC using only a five-foot by five-foot grid have demon- 
strated sufficient sensitivity to postural stability defects. Cinegraphic records and 
subjective comments will provide ancillary data. To implement the former, cine 
cameras will photograph in both tangential and axial directions continuously during 
testing. The subject will wear stretch pants marked with longitudinal reflecting 
stripes to facilitate subsequent evaluation, EPO ratings on the factor of Test Sub- 
ject Activity are  unacceptable for  EPO a? , as no floor is available to support the 
subject, and good for  EPOa. ( b ?  and ' c1 , they will not facilitate the WOFEC and 
WALE C, and their eyes open equivalents, as the axial dimension of the test chambers 
is only four feet. (This, however, is not a severe constraint as walking tangentially 
will be the limiting direction in the space vehicle, entailing the greater coriolis 
stresses. ) EPOB d1 and e ' are rated excellent. 
The number of repetitions and their mission schedule are as detailed in Experi- 
ment 11-1. ll. Maximum number of data points per repetiuon would be 12 points 
(predicated on an environment so hostile that CR and EO tests are required). If only 
- 
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E C are required, the total would be 10 points. Time per Data Point is 0.083 hour. 
Number of Data Points per subject per experiment is 21 X 12, or  252. EPO ratings 
on time factors are the same as for Experiment 11-1. ll. 'Measurement Environment 
discussion and ratings are the same as Experiment 1-1. 11, with the exception that 
the spin ceiling is reduced to 8 rpm. 
Experiment Objective Attainment ratings are  unacceptable for EPO l a1 
because of lack of supporting floor, marginal for EPOs b r  and l c l as the coriolis/ 
gravity ratio is well outside the functional envelope discussed above. EPOs l dl and 
1 e l are rated poor and fair, respectively, for the reasons detailed in Experiment 
1-1. lal. 
Crew Time per Data Point is 0.166 hour. Weight Per  Experiment is 0.2 lb. 
Volume per Experiment is 0.01 ft3. 
11-6. O3 Taxis - The Experimental Source Reference for this study definition is 
-
GDC. Rotational studies at NAMI have demonstrated that LD subjects quantitatively 
experience the same problems in walking and standing after spin up and following spin 
down (subsequent to perrotational habituation) as do normal subjects, indicating that 
non-vestibular proprioceptive mechanisms not only are involved along with vestibular 
mechanisms in facilitating postural balance, but that the former are significantly 
more critical to the taxis. Moreover, NAMI tests have demonstrated that, in compari- 
son to vestibular habituation, postural habituation develops much more slowly. It is 
therefore feasible to spin subjects up, in a stepwise fashion, using the habituation 
headturn sequence detailed in Experiment 1-1. la3 to render the subject progressively 
rotationally tolerant, to the rpm levels required to develop the desired g-levels ih 
EPOs ' b l  a n d ' c l .  
As has been mentioned, above, the results of studies performed at LRC - using 
horizontally-suspended subjects walking at a 20-foot radius - suggest that walking at 
0.3 g was the most preferable of the four hypogravitational levels tested, while walk- 
ing with rotation at 0.5 g produced a sensation of leg heaviness and walking against 
rotation at 1/6 g caused difficulty in traction. (Note: Walking at 3 ft/sec produces 
an effective g change of approximately 0. 015 g. ) Also, it has been demonstrated in 
non-rotational environments (A/c flying parabolic maneuvers) that there is only mini- 
mal improvement in walking at 0.5 g relative to 0.3 g. It would follow that probably 
the most critical range of hypogravitational postural balance could be explored while 
not exceeding 0.5 g at the subject1 s c. g. , a level well within the capability range of 
EPOs lbl  and l c l .  
The Subject l s Pre-Test State at each g-level (rpm) is that of vestibular habitua- 
tion (following the sequence of repetitive head turqs in the restraint chair) but lack of 
postural habituation to the same environment. EPO ratings for this factor are the 
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same as for 11-1. ll. Test Subject Activity at each g-level (rprn) consists of performing 
the habituation headturn sequence as detailed in I- 1. la3 and, a t  those rprn levels pro- 
viding the required g-level$ (0.1, 0.2, 0.3, 0.4 and 0.5, respectively) at the sub ject' s 
standing c. g. for the conduct of the FATB, to follow the habituation sequence with the'. 
FATB. EPO ' a ' ,  with no floor, is unacceptable. The rating of E p o s  'b f  and ' c1 
are good on this factor, limited only by the 4-foot axial floor constraint. EPOs ' d f  
and e are  rated excellent. 
The Total Time per subject per experiment is 2.5 days. Day One consists of 
habituation sequences at 2, 4 ,and 6 rprn and habituation, plus FATB sequences at 7.3 
(0.1 g) and 10.3 (0.2 g). Day Two consists of habituation plus FATB sequences at 
12.6 (0.3 g), 14.6 (0.4 g), 16.3 (0.5 g), 14.6,and 12.6 rpm. Day Three consists of . 
habituation and FATB sequences at 10.3 and 7.3, and habituation sequences at 6, 4,and 
2 rpm. The habituation sequence requires approximately one hour, the FATB 1/2 
hour, and 1/2 hour is allotted between the habituation sequence and the FATB testing. 
Therefore, when not overnight (16 hours), the interval between FATB testing is approxi- 
mately 2 hours. Time per Data Point is  0.55 hour (calculated on 3 days x 10  hours per 
day). Total Number of Data Points per subject per experiment is 54 (9 repetitions 
times 6). 
1 
EPO ( a f  is unacceptable and E?Os f b c  and ' c 1  good on time factors (based 
on maintaining the subject in the appropriate environment for the required 2.5 days). 
Considering the Measurement Environment, EPOs ' a ' ,  b ' and ' c '  rate excel- 
lent on g-level and poor on rpm. Experiment Objective Attainment ratings are good - 
for EPOs f b f  and c1 , being devalued only by tHe high coriolis/grayity ratio. 
EPOs a'., ' d and ' e ' are  rated unacceptable, dl and e ' because of power penal- 
ties. Crew Time Per  Data Point is 1.1 hours. Weight per Experiment is 3 . 2  lbs. 
Volume per Experiment is 1. 1 ft3, 
11-7. 0 Passive Radial Locomotion 
11-7. l1 Passive Radial Locomotion - The Objective is to determine the sub- 
jects tolerance of passive radial locomotion throughout a nominal range of artificial 
gravity as a function of locomotion rate. 
The coriolis forces acting on personnel while they are  being moved radially may 
cause difficulties and require safety restraints, Calculations of these forces have 
been made, but experimentation is required'to establish their influence on persons 
being so  transported. There are no presently available data on the effects of passive 
radial motion on the stimulation of the vestibuar and proprioceptive systems of a 
person in a rotating environment. 
VOL I1 2 75 
Elevator devices could be used in a hypogravity environment to move persons 
and equipment rapidly and precisely. The astronaut would have to be restrained 
properly in the elevator so that he would not be projected into some object when the 
device came to a halt. The astronaut might experience some visual disturbances dur- 
ing up and down motions of the elevator the seriousness of which is not known at this 
time. During passive radial motion in a rotating environment the astronaut would 
also require restraint because of being subjected to coriolis forces. The coriolis 
forces would stimulate his vestibular as well as proprioceptive sensors and could re- 
sult in illusions of tilt that would be disturbing. Vascular hydrostatic pressure changes 
would occur with radial motion and it is  not known how well the cardiovascular sys- 
tem could tolerate these changes. All of these factors could be significant in limiting 
the tolerable rate of passive translation. 
Tests of standing and seated subjects , in various orthogonal orientations, being 
radially transported at various rates are  required in artificial-g in order to ensure 
that the geogravitational vector associated with the ground-based tests does not mask 
some of the effects of passive radial motion. The spacebased measurements will help 
ensure that passive radial transport on an operational basis will have neither a debili- 
tating nor a hazardous effect on an astronaut. 
The Experimental Source Refsrence is the AGC. The Measured Phenomenon is 
the subject's tolerance of different rates of passive radial locomotion, as determined 
by subjective, cinegraphic and cardiovascular criteria. Common-use equipment 
include cinegraphic cameras. Major Instruments or  Apparatus (experiment-peculiar) 
are a radial elevator, and electrocardiograph and automated blood pressure e,quip- 
ment, and a questionnaire. The radial elevator allows the subject to be comfortably 
restrained in both standing and sitting positions while oriented tangentially or  axially, 
and is capable of being driven at controlled rates both up (centripetally) o r  down (cen- 
t r  if ugally ). 
The Subject' s Pre-Test State and its EPO ratings are the same as detailed 
for 11-1. ll. The Test Subject's Activity consists of being transported radially up and 
down at each of five different rates, while standing and seated, while oriented tan- 
gentially or axially, while being monitored by videocamera and ECG and BP equip- 
ment. The subject also evaluates his responses subjectively by responding to a speci- 
fic questionnaire. The number of repetitions and their mission scheduling are  as 
detailed in Experiment 11-1. ll. Each Phase II/III repetitions consist of 60 trials 
(5 rates, 2 orientations, 2 postures, 3 trials each), with a single trial including both 
an up and down translation. Each Phase IV repetitions consists of 30 trials (only one 
orientation - worst case as determined in Phases II/III - is involved). phase IT/ 
I11 repetition time is 1.5 hours (20 minutes setup, 60 minutes test, and 10 minutes 
cleanup), Phase IV repetitions last one hour. Acceptability of the various passive 
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radial locomotion EPOs consists of an integrated function of cardiovascular, postural 
stability, and subjective tolerances. EPO ratings for Test Subject's Activity are  
unacceptable for EPOs 'a', 'bl, and 'c' - because of the limitations in radius - 
and excellent for EPOs Id' and 'el. 
The Total Time for the experiment and its EPO ratings a re  the same as  for 
11-1. ll. The Number of Data Points is 810: 540 from Phases II/lII (2 orientations, 9 
rpm/g-level environments, 2 postures, 5 locomotion rates, 3 tolerance criteria) , 
and 270 from Phase IV (1 orientation, 2 postures, 5 locomotion rates, 3 tolerance 
criteria, 3 radii, and 3 durations of partial-gravity exposure). Total experimental 
time penalty is 22.5 hours, giving a Time per Data Point of 0.028  hours. The 
Measurement Environment and its EPO ratings a re  the same as for 11-4.3 with the 1' 
exceptions that the reduction in rpm ceiling requirement from 8 rpm to 6 rpm increases 
the ratings for EPOs 'dl and 'el to respectively, good and fair. 
The Experiment Objective Attainment ratings for EPOs 'a', 'b', and 'c' are  un- 
acceptable because of the radial limitations. EPO 'dl is rated fair on the basis of 
adequate radius - 15 ft. is considered a minimum - , good on rpm and g-gradient , 
and poor only on g-level. Gravity change during translation i s  considered to be more 
critical than the absolute levels involved. EPO 'el is rated gwd, being excellent 
in all respects other than fair on rpm. Crew Time per Data Point is 0.056 hour. 
Weight and Volume per Experiment a re  TBD, due to the dependence of the elevator 
design on undefined EPO details. 
:\ 
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In. Habitability 
If a manned space system is reliable, and also habitable, then the mission ob- 
jectives for which it was designed can be accomplished. The Artificial Gravity Com- 
mittee defines the condition of being habitzhle a s  providing contemporary living 
accommodations for the off-duty portion of the space flight day, and defines habitabili- 
ty as being no more than a critical analysis of the aspects of everyday living. 
Habitability as a study discipline does not lend itself easily to a classical ex- 
perimental approach. While reductions in habitability may be reflected in adverse 
changes in crew physiology, performance o r  social interactions, it is sometimes dif- 
ficult, if not impossible, to obtain a measurement of enhanced habitability occurring 
within the range of acceptable habitability. Intuitively, it is realized that ideal sur- 
roundings a re  conducive to optimal crew function, but it is not always possible to 
demonstrate this fact. 
Habitability experiments for an artificial gravity environment will not vary 
from those in zero gravity except a s  affected by the peculiarities of artificial gravity* 
Coriolis forces, variations in friction, cohesion/adhesion, and the 'effects of gravity 
gradients will be the predominate deviations encountered. Since habitability is gen- . 
erally measured in relation to established standards, the overall influence of the 
artificial gravity environment will be evaluated similarly. The duration and ease of 
habituation to its dynamic characteristics may be the most important issues of all, - 
with the determination of its convenience (nuisance) being the single most important 
factor. Primarily, it will be compared to the earth o r  lunar environment and an 
overall subjective evaluation be accomplished. 
The Artificial Gravity Committee divides proposed habitability experiments into 
three types. Type I involves ecological evaluations: experiments providing a subjec- 
tive critique of general arrangements, temperature, color, gravity comfort levels, 
and cumulative nuisances and/or acceptabilities. Type I1 consists of experiments 
evaluating relative convenience of optional arrangements for sleeping, eating, and 
hygiene facilities, primarily to assess coriolis and gravity levels. Type J3.I consists 
of physical experiments to provide design data by determining the utility of various 
hypogravitational levels for friction, adhesion/cohesion, viscosity and settling. 
A s with the Medical/Physiological and Performance experiments previously 
discussed, the Habitability experiments that follow a re  primarily those suggested in 
the AGC report. They represent a comprehensive-enough program to provide the in- 
formation needed to design an artificial gravity vehicle of optimal habitability. 
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111-1. 0 Eating and Food Preparation 
111-1. l1 Threshold-g for Stable Object Implacement - The objective is  to deter- 
mine the threshold-g for stable object implacement within a nominal range of artificial- 
g environments. 
A number of factors affect the stability of an implaced object and are controllable 
in conducting experiments under varying g-levels. These factors can be separated in- 
to object, driver, and support interface characteristics. Object characteristics in- 
dude its geometry, mass, and mass distribution. Driver characteristics include the 
imposed force and the point of imposition relative to the object1 s center of mass. The 
object/support interface characteristics include the contacting geometries, area of 
contact, and frictional coefficient. Finally, the effective g-level involves the absolute 
g-level and its alignment to the object/support interface being considered. Stability 
is improved by such design measures as a wide base, large mass, low center of mass, 
a high g-level, and a minimum angle between the resting or  supporting surface and 
the local horizontal. 
The increased complexity of implaced object stability experimentation in an arti- 
ficial gravity field relative to a normogravitational field is typified by the considera- 
tion of the object/support interface geometry: If the supporting surface were contoured 
for uniform glevel, the object base could be similarly contoured and consistently 
oriented with cylinder elements parallel to the axis of rotation and the impact force 
be applied axially also. A change in radius of rotation, however, would result in a 
rocking contact unless the object radius was altered to conform. Misalignment of -the 
test object would also result in a rocking contact. Rotation of the object about its 
vertical axis would also be constrained. If the supporting surface were contoured for 
uniform g4evel and the object base made planar, a rocking contact would exist for 
circular bases regardless of object orientation and for rectangular bases unless one 
pair of opposing edges were parallel to the axis of environmental rotation, in which 
case the radius of the supporting surface would be immaterial. Rotation of the object 
about its vertical axis would also be constrained. If both the supporting surface and 
the object surface were no rocking forces would be introduced due to orien- 
tation and no object rotational constraints would be imposed. If the location of the ob- 
ject were to deviate from the radial plane normal to the plane of the supporting surface, 
small lateral forces would be imposed on the object. For a given deviation distance, 
these lateral forces would increase as the radius decreased. However, since the 
mechanics of stability are  straightforward and amenable to mathematical analysis 
whether a spacebased or  groundbased situation is involved, only a minimum program 
of confirmation should be required in the spacebased situation. Subsequent Experi- 
ments 111-1.4 and 111-1.5 would complement this experiment by helping to define what 
might be termed a "utility threshold for stability of implacement: stability involving 
not only the solid container, but also contents of various viscosities, masses, and 
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adhesive characteristics, being employed in preparation, transfer, and ingestion 
activities, with esthetics and crew temperament also being contingencies. 
The Experimental Source Reference is the AGC. The Measured Phenomena a re  
the dynamic responses of the test objects to graded impact and static forces, responses 
being assayed using direct visual and cinegraphic observation. Common-use equip- 
ment includes a restraint chair/work bench unit, a voice log, and cinegraphic cameras. 
Major Instruments o r  Apparatus (experiment-peculiar) a r e  the test objects, spring- 
loaded driver, and support board, The support board is 8 inches wide by 10 inches 
long, surfaced with material having a single coefficient of friction. The test objects 
a r e  four in number: all being cylinders that a re  nominally 6 inches in height and 2 
inches in diameter, all having their ends surfaced identically - with opposite ends 
having dissimilar coefficients of friction -,with two having low centers of mass and 
two having medium centers of mass. The objects consist of washer-shaped masses 
and spacers stacked on a central stem so that variations in frictional coefficients o r  
in mass distribution can be accomplished by rearrangement or substitution if initial 
spacebased testing demonstrates that the test  objects require alteration. The ends 
a re  reversed to change the effective coefficient of friction a t  the support interface 
during nominal testing. Static forces a re  applied to the object by a jig-mounted 
compression spring, to which a guided mass is attached to provide impact forces. 
This is a physical experiment, to be conducted at the appropriate rpm/g-level 
environments during Phases I1 and 111. The Subjectf s (for physical experiments, he 
is actually the onboard examiner) Pre-Test State is immaterial - he need not be 
habituated to the environment to conduct the test. The Test Subject's Activity con- 
sists of performing the stability testing a t  each of the required rpm/g-levels. He is 
seated in the restraint chair with the test equipment setup on the work bench before 
him. For each repetition, he first  conducts static-force trials to determine the 
boundary point between sliding and tilting reaction, then conducts impact-force trials 
within the tilting sector. A1 though the test requirements may involve some con- 
tingency trial-and e r ror  testing, time penalties can be reasonably estimated. Trials 
per repetition a r e  96 (1 object height, 1 force application point, 2 frictional coeffi- 
cients, 2 centers of mass, 2 force levels, 2 orientations - tangential and axial -, 
3 trials per testing condition, and 2 driving modes - static and impact). EPO ratings 
for Test Subject' s Activity a r e  excellent for all. 
The Total Time for the experiment and its EPO ratings a re  the same a s  detailed 
for Experiment I-l.la . The Number of Data Points is 288 (2 frictional coefficients, 
2 centers of mass, 2 k orce levels, 2 orientations, 2 driving modes, and 9 rpdg- leve l  
environments). Total experimental time penalty is 6.75 hours (each repetition re- 
quires 45 minutes - 10 minutes setup, 30 minutes test, and 5 minutes cleanup). Time 
per Data Point is 0.023 hours. The g-level ratings for  this .physical experiment differ on 
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rationale from most of the psychophysiologic studies previously considered in that 
the range of g-levels available i s  the sole criterion, with no rating value given for 
capability for multi-radial testing per rpm. As such, the-g-level rating scale used 
was: 
Excellent: g-range up to a maximum of 0.8 
Good: 0.5 < g-maximum <0.8 
Fair: 0.3 _< g- maximum < 0.5 (EPOs Id' and 'el) 
Poor: 0.1 - < g- maximum <O. 3 (EPOs 'a', 'bt and 'c') 
Marginal g- maximum < 0.1 
The g-gradient ratio range is 0. 008 to 0. 031 (calculated on a six-inch object height), 
and since this parameter is  radius-dependent, the EPO ratings are the same as  
Experiment 1-1. lal. Ratings for rpm are the same as for 1-2. ll. 
As the E POs are constrained to a specific rpm profile during Phase II/ILI arid 
the experiment is essentially unaffected by coriolis effects, the Experiment Objective 
Attainment ratings relate primarily to the g-level validities at those spin rates. 
E POf a '  , of course, is unacceptable because of the total time duration of the exper- 
ment. E POs t b and t c f  are poor because of poor ratings for g-levels. EpOa 
Id1 and are rated fair on their g-level validities. Crew Time per Data Poi* is 
0.023 hour. Weight per Experiment is 12 Ibs. Volume per Experiment is 1.8 ft  . 
111-1.13 Threshold-g for Stable Object Implacement - The Experiment Source 
Reference is GDC. The Objective of this experiment and a number of its definition 
and analysis aspects are the same as for 111-1. ll. Only those factors that entail 
differences are considered here. 
Sub ject' s Pre-Test State, since he can remain restrained - both head and body 
- throughout the experiment with only limited manual manipulations required to con- 
duct the stability testing, is essentially immaterial. He needs in no way be habituate6 
to the rpm/g-levels forming the inertial profile of the experiment. EPO ratings 
for Pre-Test State, as well as Subject Activity, are excellent. 
The Total Time for the experiment is 5.5 hours (ten 30-minute repetitions, 15 
minutes setup, 10 minutes cleanup). EPO ratings for this factor a re  excellent for the 
short-radius EPOs and unacceptable for dl and e f  because of the power penalties. 
The repetitions a re  initiated at 0.5 hour Intervals. Number of Data Points is 320 (2 
each of frictional coefficients, centers of mass, force levels, orientations, and driving 
modes, and 10 g-levels - ranging from 0.02 to 0.8). Time per Data Point is 0.17 hour. 
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The Measurement Environment and its EPO ratings are the same as for 11-5.13 and 
the other fine motor performance tasks, with the exception that the g-gradient ratio 
is reduced as in 111-1. 11, and the ceiling rpm reduction to 6 increases the Id1 and ' e l  
EPO ratings to good and fair respectively. 
Experiment Objectiv3 Attainment EPO ratings and rationales a re  the same as for 
11-5. l3 and the other fine motor performance tasks, with the exception that EPO 1 at 
is rated excellent also because of the limited Total Time Requirement. Crew Time 
per Data Point is 0. 017 hour. Equipment Weights suld Volwnes a re  the s a n e  as for 
111-1. ll. 
111-1. 21 Threshold-g For Holding Fluids as a Function of Viscosi t~ - The Objec- 
-
tive is to determine the threshold-gfor fluid containment, as a function of fluid vis- 
cosity, within a nominal range of artif icial-g environments. 
Food and beverage preparation and serving equipment and utensils developed 
under groundbased conditions have geometries and material characteristics influenced 
by functional and esthetic considerations, including at least minimal specifications 
that discourage spillage by upset, slosh, etc. Although closed containers and pres- 
surized deliveries, and consumables compatible with these measures, have been used 
in zero-g missions, the conventional g;aundbased devices and methods confer a higher 
order of habitability. The use of open vessels for fluid containment depends on gravity 
to apply a normal force for frictional restraint, and viscosity to damp flowing o r  
sloshing actions initiated by transport accelerations o r  inadvertent impacts. 
The Experimental Source Reference is the AGC. The Measured Phenomenon is 
the degree of fluid retention by the test receptacle in response to graded impacts, as 
a function of fluid viscosity, orientation, and g-level. Responses are assayed using 
direct visual and cinegraphic observation and readouts from a conductive probe. 
Common-use equipment includes a r e  s t rdnt  chair/work bench unit, an analog recorder, 
a voice log, and cinegraphic cameras. Major Instruments or  Apparatus (experiment- 
peculiar) are  the four identical fluid containers (each with a transparent, non-wetting, 
plastic bubble cover, and each with a vertical conductive probe to measure fluid move- 
ment in response to graded impacts), the four test fluids (each of a different viscosity, 
each colored for easy visualization, and each placed in one of the four containers ), 
the spring-loaded impactor, and the support board. 
The Subject's Pre-Test State and EPO ratings are the same as for 111-1. 11, 
as are essentially the Subject's Activity and its ratings. No static force applications 
are required, only impact forces. Trials per repetition are  48 (4 fluid viscosities, 
2 impact levels, 2 impact orientations - tangential and axial -, and three trials for 
each condition). Total Time for the experiment and its EPO ratings are the same 
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as detailed for Experiment 111-1. ll. The Number of Data Points is 144 (4 fluid vis- 
cosities, 2 impact levels, 2 orientations, and 3 r~m/~- lev ,e l  environments). Total 
experimental time penalty is 4.5 hours (9 repetitions requiring 30 ininutes each - 10 
ininutes setup, 15 ininutes test, 5 ininutes cleanup), giving a Tirne per Data Point of 
0.031 hour. The Measurement Environlnent and its EPO ratings a r e  the same as for 
m-1. l1 , with the exception of a lower g-gradient ratio (0.005 to 0.021) based on a 
fluid depth of four inches. 
Experiment Objective Attainment and its EPO- ratings are  the same as for 
Experiment 111-1.11. Crew Time per Data Point is 0. o ~ l h o u r .  Weight per Experiment 
is 12 lbs. Volume per Experiment is 1.8 ft3. 
111-1. Z3 Threshold-g for Holding Fluids as a Function of Viscosity - The Experi- 
-
ment Source Reference is GDC. The Objective of this experiment and a number of i ts  
definition and analysis aspects are the same as for 111-1. 21. Only those factors that 
entail differences are considered here. 
Subject's Pre-Test State and its Z-PO ratings a r e  the same. ~s for III-1.1 . The 
Total Time for the experiment is  3.5 hours (ten 20-minute repetitions, 10 ininu i? es for  
setup, and 5 ininutes for cleanup). EPO ratings for this factor are the same as  for 
111-1. 13. The repetition Interval iz 0.3 hour. Number of .Data Points is 160 (4 fluid 
viscosities , 2 impact levels, 2 orientations, and 10 rpm/g-level environments ). Time 
per Data Point is 0.02 hour. The Measurelnent Environment and its EPO ratings a r e  
the same as for 111-1.13 with the exception that the g-gradient ratio i s  reduced as in 
111-1. 2-p 
Experiment Objective Attainment EPO ratings a r e  the sane as for Kt-1.1 Crew 3' Time per Data Point is  0.02 hour. Equipment Weight and Voluine a r e  the sane as for 
111-1. 21. 
111-1. 31 Threshold-g for Food Solid Settling - The Objective is  to determine 
-
the threshold-g for food solid settling within a nominal range of artificial-g environ- 
ments. 
Settling rates of individual particles in quiescent air is a function of aerodynamic 
shape, size, orientation, and surface pondition; mass; force provided by g-level; and 
air  density. The settling rates for a group of particles being poured into a receptacle, 
or  within a container, may be further complicated by air disturbances generated by 
adjacent particles o r  by agglomeration of particles producing changes in aerodynamic 
configurations. In addition to the need for a spacebased confirmation sf groundbased 
analytic predictions of settling in an artificial-g environment, the coinplexi& of 
the physical system involved - in contrast, 'for example, to that of Experiment 
111-1.11 -, decreases the reliability of groundbased projections, increasing the need 
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for spacebased research. 
The Experimental Source Reference is the AGC. The Measured Phenomenon is 
the rate of food particle settling through a calibrated vertical distance as measured by 
the dependent mass accumulation per unit time. Common-use equipment includes a 
restraint chair/work bench unit, a voice log, and cinegraphic cameras. Major Instru- 
ments or Apparatus (experiment-peculiar) include the settling rate device and food 
solid test samples. The settling rate device consists of a trap elevated l-foot above 
a weighing pan, with trap release and pan weight integrated into a time record. 
The sample food aggregates are eight in number - four consistencies from fine to 
coarse, prepared both wet and dry. 
The Subject's Pre-Test State and EPO ratings are the same as for 111-1. 11, as 
are essentially the Subjectf s Activity and its ratings. Trials per repetition are 24 
(8 aggregates, three trials each). The Total Time for the experiment and its EPO ratings 
are the same as detailed for Experiment 111-1. ll. The Number of Data Points is 72 
(8 aggregates, 9 rpm/g-level environments). Total experimental time penalty is the 
same as 111-1. 21, giving a Time per Data Point of 0. 063 hour. The Measurement En- 
vironment and its EPO ratings dre the same as for III-1. 11, with the exception of a 
higher g-gradient ratio (0.016 to 0.063) based on a sample drop of 12 inches. 
Experiment Objective Attainment and its EPO ratings are the same as  for 
Experiment ID-1. ll. Crew Time per Data Point is 0.063 hour. Weight per Experiment 
is 9 lbs. Volume per Experiment is 1.5 ft3. 
III-1. 33 Threshold-g for Food Solid Settlinff - The Experiment Source Reference 
is GDC. The Objective of this experiment and a number of its definition and analysis 
aspects are the same as  for III-1. 31. Only those factors that entail differences are  
considered he re. 
Subject's Pre-Test State and its EPO ratings are  the same as  for IU-1. 13. he 
Total Time for the experiment is the same as  for III-1. z3, a s  is the r-tition 
Interval. Number of Data Points is 80 (8 aggregates, 10 rpm/g-level environments). 
Time per Data Point is 0.044 hour. 'The Measurement Environment, with the exception 
of a g-gradient ratio increase (range is 0.016 to 0.063), and its EPO ratings are the 
same as  for 111-1. 13. Experiment Objective Attainments are  the same as  for 111-1. 13. 
Crew Time per Data Point is 0.044 hour. Equipment Weight and Volume are the same as 
for III-1. 31. 
, 
III-1. 41 Table, Seating, and Food Arrangement - The Objective is to determine 
the acceptabilities of table, seating, and food arrangements throughout a nominal 
range of artificial% environments. 
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In contrast to the preceding three physical experiments, this area of interest 
is one of the convenience studies (Type I1 in the AGC habitability designation). As 
such, it involves problems less susceptible to groundbased resolution than the physi- 
cal studies, since it is less amenable to mathematical analysis. A significant aspect 
of a w i t a l e  a r t i f i ~ i a - g  environlnent will be the provision of optimal table 
seating, and food arrangements. Eating is not only a nutritional requirement, but 
also represents an event of conditioned importance for human relaxation and social 
interaction. Indeed, in a demanding mission schedule, mealtime may be one of the 
few consistent opportunities for crew social function. The same characteristics of 
the artificial-g environment of concern in previous experiments form the 
important independent variables in this study: the g-level, the coriolis forces due to 
rotation, and the interaction of inertial e~nd coriolis forces. While the crew members 
will be completely habituated, in a vestibular sense, to the particular artificial-g 
environment, proprioceptive coriolis effects may still be troublesome in their influ- 
ence on the mechanics of dining. The tangential vs axial dimensions of the dining 
table and the seating arrangement relative to it will influence the impact of the non- 
uniform 5er t ia l  force field and the arrangements, as well as the ease of interaction, of 
personnel, Food and utensil arrangements on the table will influence the mechanical 
effects of the coriolis accelerations on crew handling of items on the table. As detail- 
ed in several of the previous experimental descriptions, nonaxial components of an 
items translation or  rotation relati ;e to the plane of environmental spin will subject 
them, respectively, to coriolis forces and cross-coupled angular accelerations. 
Radial ('vertical') movement of items will produce weight changes. All of these perro- 
tational phenomena, singly and/or in combination, may influence the dining arrange- 
ments and, therefore, must be investigated in space. 
The Experimental Source Reference is the AGC. The Measured Phenomena are  
the acceptabilities of various table, seating, and food arrangements a s  a function of 
each of the arifficial-g environments within the nominal range. Acceptability is 
determined by using subjective and cinegraphic evaluations and time-and-motion 
criteria. Common-use equipment includes a reconfigurable dining table and chairs, 
dining utensils and food items, and cinegraphic cameras. Major Instruments o r  
Apparatus (experiment-peculiar ) are  the specific questionnaires to be filled in by the 
Subject. 
This experiment is to be conducted at  the appropriate rpm/g-level environments 
during Phases I1 and III. The Subject's Pre-Test State and its EPO ratings are the 
same a s  for II-1. ll. The Test Subject's Activity consists of arranging the table, 
seating, utensils, and food, of eating the prescribed meals, and of making subjective 
evaluations of the various arrangements. Three orientations of personnel will be 
used: tangential with and against rotation, and axial. No changes in item o r  personnel 
orientation or  table configuration are  to be made during a meal - unless functionally 
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necessary -, changes being introduced prior to each meal of the day. Orientations 
and arrangements will be ordered for the three meals of each day spent at  a specific 
rpm/g-level so that bias due to cumulative exposure will be minimized. Wtings 
for Test Subject's Activity a re  excellent with the exception of EPO 'ar, which is 
unacceptable since the lack of flooring prevents conventional dining. Each meal is 
considered a repetition. The Total Tiine for the experiment and its EPO ratings a re  
the same -as detailed for Experiment In-1. ll. The Number of Data Points is 81 (3 
meals in each rpm/g-level environment, 3 aspects to evaluate - table, seating, and 
food arrangements, and 9 rpm/g-level environments). Assuming the only experimen- 
tal time penalty to be a 10-minute questionnaire response for each meal, the total 
experimental time penalty is 4.5hours. This gives a Time per Data Point of 0.055 hour. 
The g-level ratings are  as  detailed for Experiment 1-1. lal, except that EPOs 'b' and 'c' 
have only one radius to study dining at, giving them poor ratings. The g-gradient ratio 
ratings are  identical to 1-1. lal. EPOS 'a1, 'bl and 'c' are  rated excellent on rpm 
since they can provide full range to six. EPOs Id1 and 'el are limited, respectively, 
to 5.2 and 4 rpm and are therefore rated good and fair. 
- - 
For Experiment Objective Attainment, EPO 'af is r8ted unacceptable on its 
Test Subject Activity rating. EPOs 'b' and 'cl are  rated poor, since their overall 
measurement environment rating is reduced by the inability to study communal dining 
and its effect on the arrangements. EPOs 'dl and 'e' are rated fair and good, 
respectively, on their overall measurement environment ratings. Crew Time per 
Data Point is 0.055 hour, Equipment Weight and Volume per Experiment are  not signifi- 
cant (NS). 
III-1.4, Table, Seating, and Food Arrangement - The Experiment Source 
u 
Reference is GDC. The Objective of this experiment and a number of its definition 
and analysis aspects a re  the same a s  for II-1.41. Only those factors that entail 
differences a re  considered here. 
Essentially, this experiment differs from III-1. 41 a s  11-1. l3 differs from 
11-1. ll. The Subject's Pre-Test State and its EPO. ratings are  the same as  for 
11-1. 13, combining the habituation headturn sequence and the 111-1. 41 dining arrange- 
ment evaluation task into a shartened Total Time profile. EPO - ratings for this 
factor a re  the same a s  for 111-1.41. 
Total Time and its EPO ratings a re  the same as  for LI-3. 13. The repetition 
Interval ranges from six to 12 hours (each meal js considered a repetition). Number 
of Data Points is 24 (8 meals, 3 aspects to evaluate). Based on a 1.3 hours .total 
experimental time penalty (10 minutes/meal to respond to questionnaire) Time per Data 
Point is 0.054 h~urf io te :  The time penalty is based on the assumption that the short- 
radius machines - the only . EPD that would be cycled up and down for  the brief 
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inertial profile - would not be done so for this experiment in isolation, rather to 
implement one of the many experiments using this profile during work hours and this 
one at mealtime a s  in IU-1. 41.) The Measurement Environment and its E p o  ratings 
are  the same as  for 111-1. l3 with the exception that the g-gradient ratio is increased 
a s  in 111-1.4 Experiment Objective Attainment EPO ratings a re  unacceptable for 'ar (be- 1- 
cause of subject activity or time ratings), 'dl and 'el (because of power penalties for 
short-cycling), and fair for 'br and 'c' (good on measurement environment but no capa- 
bility for communal dining). Crew Time per Data Point is 0.054 hour; Equiplnht Weight 
and Volume per Experiment is not significant. 
111-1. 51 Threshold-g for Eating Comfort - The Objective is to determine the 
threshold-g for eating comfort within a nominal range of artificial-g environments. 
Like Experiment 111-1. 41, and in contrast to the physical experiments considered, 
this experiment considers aspects of eating that resist ground based resolution either 
by empirical and/or analytical means. This experiment is based on the premise that 
optimal habitability relative to eating can only be achieved by providing the crew with 
conventional food and implementing their conswnpt ion of it using conven&ional techniques 
and utensils. The threshold-g for eating comfort, therefore, will be that minimal 
artificial-g level that provides such conventional comfort in dining. Because the crew 
will be habituated, in a vestibular sense, to each particular rpm/g-level in the experi- 
mental inertial profile, dining comfort will primarily relate to the same factors 
considered in Experiment 111-1. 41, the characteristics of the rotational force field 
that may affect the mechanics of eating, particularly the controlling of food with con- 
ventional utensils regardless of changes in weight and imposed accelerations due tb 
gravity gradient and coriolis effects. 
, 
The Experimental Source Reference is the AGC. The Measured Phenomenon is 
the level of eating comfort a s  a function of each of the artificial-g environments within 
the nominal range. The comfort level is determined entirely on the basis of crew 
judgements a s  evidenced by the responses to appropriate questionnaires. Common-use 
equipment includes conventional dining table rand chsiirs, utensils, and food %ins. 
Major Instruments o r  Apparatus (experiment-peculiar) are the specific questionnaires 
to be filled in by the Subject. 
This experiment is to be conducted a t  the appropriate rpm/g-level environ- 
ments during Phases 11 and 111. The Subject's P r e  -Test State and its E m  ratings 
a re  the same a s  for 11-1. ll. The Test Subject's Activity consists of eating the meal 
in a s  conventional a manner a s  is possible and of making subjective evaluations of the 
activity's acceptability by responding to the questionnaire immediately following the 
meal. The same three orientations of Subject relative to the orthogonal axes of the 
EPO . will be used a s  in Experiment 111-1. C1 (tangential with and against rotation, and 
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axial) since they will be conducted simultaneously. EPO ratings for Test Subject's 
Activity are  the same as  for III-1. 41. Each meal is considered a repetition. Total 
Time for the experiment and its EPO ratings are the same as  detailed for III-1. ll. 
The Number of Data Points is 27 (3 meals in each rpm/g-level environment, one 
criterion, 9 rpm/g-level environments). (Note: For purposes of estimation, all 
questionnaire evaluation points are  integrated into a single criterion - ttcomfort 
level". ) Assuming the only experimental time penalty to be a 10-minute questionnaire 
response for each meal, the total experimental time penalty is 4.5 hours. This gives a 
Time per Data Point of 0.017 hour. The Measurement Environment and its EPO 
ra thgs  are  the same' a s  for Experiment III-1.41. 
Experiment Objective Attainment EPO ratings a re  the saine as for IU-1.4 Crew 1' Time per Data Point is 0.017 hour. Equipment Weight and Voluine per Experiment a re  
not significant (NS). 
III-1.5, Threshold-g for Eating Comfort -The Experiment Source Reference 
" 
is GDC. The Objective of this experiment and a number of its definition and analysis 
aspects are  the same as for In-1.5 . Only those factors that entail differences are  1 
considered here. 
Essentially, this experiment differs from III-1. 51 as 11-1. l3 differs from II-1. ll. 
The Subject's Fre-Test State and its EPO ratings are  the same as for 11-1. 13. The 
Test Subject's Activity is completely analogous to 11-3. 13, combining the habituation 
headturn sequence and the In-1. 51 eating comfort evaluation task into a shortened Total, 
Time profile. EPO ratings for this factor are  the same as  for III-1. 51. 
The Total Tiine for  this experiment and its EPO ratings a re  the same a s  for 
11-3.1 . The repetition interval ranges froin six to 12 hours (each meal is considered 
a repetition). Number of Data Points is 8 (8 meals, 1 criterion). Based on a 1.3-hour 
total experiment tiine penalty, Tiine per Data Point is 0.16 hour. (Note: the same 
qualification applies to  Tiine per Data Point in this experiment as was cited for III-1.4 .) 
The Measurement Environlnent and its EPO ratings are the same as for DI-1.4 3 3' Experiment Objective Attainments a re  the sane as  for 111-1.4 with the exception that 3 
the lack of requirement for coininunal dining raises EPOs 'b' and 'c? to good. Crew T h e  
per Data Point is 0.16 hour. Equipment Weight and Volume per Experiment is not 
significant (NS) . 
111-1. B1 Location, Position, and Configuration of Dining Room - The Objective 
is to determine the preferred structural location and orientation, and architectural 
configuration, of the dining room within a nominal range of artificial-g environments. 
Several questions considered in this experiment, particularly the location and 
orientation of the dining room, will at least be partially answered within the context 
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of the previous 111-1.0 experiments described. The crux of the overall design chal- 
lenge is to provide sufficient aritficial-g, while minimizing the coriolis to gravityforce 
ratio. As present design concepts call for radial stacking of compartments in space 
stations, and coriolis forces, per se, a re  radius independent, design information 
relative to the positioning of dining facilities along the radius will be of major impor- 
tance. Also of fundamental importance will be the allocation of floor space in the 
dining area, since axial translations, in contrast to tangential translations, will be 
free of coriolis disturbances, and all station layouts will compete for a favorable 
orientation of their major axes. It should also be emphasized that part of this experi- 
lnent (Phases 11 and 111) is conducted simultaneously with 111-1. 41 and 111-1. 51, the 
same meal consumptions providing data for all three experiments. The architectural 
configuration involves not only aspects of effective compartment utilization, but also 
requirements to minimize the possible visual and functional impacts of the conflicts 
between rectilinear architecture, the radial vertical, and the circumferential horizon- 
tal. The subleties of configuration selection place i t  in theHabitability Experiment 
Type (1) for ecological evaluation, requiring prolonged exposure for delineation of 
cumulative effects. For  this reason, the duration of the experiment includes the 42 
days at partial gravity (Phase IV). A s  with the previous experiments, groundbased 
architectural concepts can only be validated in a spacebased rotational environment. 
The Expeqimental Source Re~erence is the AGC . The Measured Phenomena 
are  the acceptabilities of dining room locations, positions, and configurations a s  
determined by subjective, cinegraphic, and time and motion criteria. Common-use 
equipment includes r e  configurable tables and chairs, conventional utensils and food 
items, and cinegraphic cameras. Major Instruments o r  Apparatus (experiment- ' 
peculiar) are  reconfigurable architectural components and subject questionnaires. 
This experiment is to be conducted at  the appropriate rpm/g-level environments 
during AGC Phases 11, 11, and IV. The Subject's Pre  -Test State and its E p o  ratings 
are  the same as  for 11-1. ll. The Test Subject's Activity consists of arranging the 
table and seating, the utensils and the food, assisting in reconfiguring room structure 
elements, consuming the test meals, and responding to the questionnaires. EPO 
ratings for this factor a re  the same as  for III-1.41. Each meal is considered a 
repetition. The Total Time of the experiment and its EPO ratings are  the same as 
for 11-1. ll. The Number of Data Points is 459: 81 during Phase II/III (9 rpm/g-level, 
one day in each rpm/g-level environment, 3 criteria - location, position, and 
configuration -, 3 meals/day)and 378 from Phase IV (3 meals/day, 3 criteria, and 
42 days of partial gravity exposure). (Note: for purposes of estimation, all question- 
naire evaluation points are  integrated into the three primary criteria.) Assuming an 
experimental time penalty of 10 minutes per repetition ., the total experimental 
penalty is 25.5 hours, and the Tizne per Data Point is 0.055 hour. ?he Measurement 
Environment and its EPO ratings are  the same as  for Experiment III-1. 41. 
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Experiment Objective Attainment ratings are  the same a s  for 111-1. 41, with the 
exception that EPOs 'bt and 'ct are  rated marginal due to the Subject Pre-Test State 
ratings. Crew Time per Data Point is 0.055 hour. Eqyiprnent Weight and Volume per 
Experiment are not significant (NS) . 
111-1. 71 Co-location Convenience of Dining Room - The Objective is to determine 
the preferred location of the dining room relative to other compartments and stations, 
a s  a function of the artificial-g environments within a nominal range. 
Where Experiment III-1. 61 considers the dining room location within the con- 
straints of the force field only - that is, independent of the other compartments and 
stations of the hypothetical artificial-g vehicle -, this experiment considers the 
location a s  constrained by co-location convenience with adjacent crew spaces. This 
involves contingencies not unlike those for the groundbased dining facility. Examples 
may include : the juxtaposition of the facility to those for food storage and preparation, 
to personnel hygiene facilities, and to the lounge (coffee, snacks, desert, recreational 
reading); the minimization of unrelated through-traffic; the prevention of noise (music, 
conversation, etc. ) and light transmission to, e. g. , sleeping compartments. The 
problem of co-location convenience is an ecological one, requiring prolonged exposure 
for resolution. 
The Experimental Source Reference is the AGC. The Measured Phenomenon is 
the co-location convenience of the dining room relative to other compartments and 
stations a s  determined by subjective, cinegraphic, and time and motion criteria. 
Common-use equipment includes tr anslocatable dining room furnishings, conventional 
eating utensils and food items, and cinegraphic cameras. Major Instruments o r  
Apparatus (experiment-peculiar) a re  Subject questionnaires. 
The Subject's Pre-Test State and its EPO ratings are  the same as  for II-1.1, 
The Test Subject's Activity consists of performing conventional dining activities, 1' 
assisting in translocating dining room furnishings if required, and responding to the 
questionnaires. EPO ratings for this factor are  unacceptable for all short-radius 
EPOs as  the volume constraints prevent realistic co-locations to other compartments 
within the same artificial gravity field, and excellent for EPOS 'd' and lev. Each 
meal is considered a repetition. The Total Time of the experiment and its EPO 
ratings a re  the same a s  for II-1. ll. The Number of Data Points is 153 (predicated 
on the co-location designation derived from each meal's questionnaire being one data 
point): 27 from Phase II/UI (9 rpm/g-level environments, 1 day in each rpm/g-level 
environment, 3 meals/day), and 126 from Phase IV (42 days, 3 meals/day). Assuming 
an experimental time penalty of 10 minutes per repetition the total penalty is 25.5 
hours, and the Time per Data Point is 0.017 hour. The Measurement Environment and 
its EPO ratings a re  the same as for Exper'ment III-1.41. 
- 
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Experiment Objective Attainment ratings a re  the same a s  for 111-1. 41, with the 
exception that EPOs 'bt and 'ct are  unacceptable due to rating on Test Subject's 
Activity and 'dl is poor because of limited co-location options. Crew Time per Data 
Point is 0.017 hour. Equipment Weight and Volume per Experiment a re  not 
significant (NS) . 
111-1. S1 Acceptability of Color, Temperature, Noise, Lighting, Etc. - The 
Objective is to determine the acceptabilities of the various rotationally-unrelated 
physical stimuli (color, temperature, noise, lighting, etc. ) in the dining room through- 
out a nominal range of artificial-g environments. 
For optimal habitability, the provision of adequate volume, suitable configuration, 
and preferred location within the artificial-g field must be supplelnented with 
Appropriate light levels, compatible schemes of color and internal decor, and minimal- 
Stress noise and temperature/humidity environments. The temperature and noise 
effects may be profound and/or subtle, the more dramatic responses being well docu- 
mented in the literature. The more subtle effects of noise and thermal loads, a s  well 
a s  the effects of lighting, color, and decor, alone o r  in combination with any of the 
environmental stimuli, a re  not so well delineated. The literature, again, bears 
testimony to the regretable frequency with which groundbase designs fail to meet 
optimal requirements in this area. The single and/or combined effects of these factors 
in the spacebased ~Mfic ia l -g  environment pose and additional design challenges. . 
Illumination, a s  well a s  color contrasts, will probably be significantly effective in 
reducing disorientation - that due to hypogravitation and/or rotation, e.specially 
following radial interlevel transfers within the station. Color, illumination, and decor 
- a s  well as  the previously considered factor of configuration - may be employed to 
reduce unwanted visual conflicts due to the converging vertical field of the rotational 
plane. It may be determined, during prolonged spacebased exposure, that programmed 
variations in any o r  all of the environmental stimuli being considered are  required to 
prevent a stressful magnitude of sensory deprivation. This experiment can be consider- 
ed a classical example of ecological habitability study, and, a s  such, involves maximum 
exposure duration. 
The Experimental Source Reference is the AGC. The Measured Phenomena are  
the acceptabilities of the various rotationally-unrelated physical stimuli (color, 
temperature, noise, lighting, etc. ) in the dining room a s  a function of each artificial-g 
environment within a nominal range. Acceptability is to be determined entirely from 
Subjects responses to questionnaires. Common-use equipment includes' the dining 
facilities and test meals, wkth provision given for controlled variations in lighting, 
decor, color, and the effective acoustical and thermal environments. Major Instru- 
ments o r  Apparatus (experiment-peculiar) are  the Subject questionnaires. 
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The Subjectss Pre-Test State and its EPO ratings are the same as  for II-1. ll. 
The Test Subject's Activity consists of performing conventional dining activities, 
assisting in altering the environmental inputs if required, and responding to the 
questionnaires. EPO ratings for this factor are the same as for 111-1, 'il. Each meal 
is considered a repetition. The Total Time of the experiment and its EPO ratings 
are the same as  for 11-1. 11. The Number of Data Points is 612:108 from Phases I I : / ~  
(9 rpm/g-level environments, 1 day per environment, 3 meals/day, 4 criteria) and 
504 from Phase IV (42 days, 3 meals/day, 4 criteria). Assuming a total experimental 
time penalty of 25.5 hDurs, the Time per Data Point is 0.042 hour. The Measurement 
E nvironinent and 'its EPO ratings are the s a n e  a s  for Experiment m-1.4 
1' 
Experiment Objective Attainment EPO ratings are the saine as  for Experiment 
Ill-1. 61. Crew Time per M a  Point is 0.042 hour. Equipment Weight and Volume 
per Experiment are not significant (NS). 
IU[-1.9 Food Preparation Task - The Objective is to determine the convenience 1 
and acceptability of food preparation tasks throughout a nominal range of artificial-g 
environments. 
This experiment relates to food preparation a s  Experiments III-1.4 through 
III-1. Bl relate to dining. As such, the problems to be investigated are essentially 
common to both and will not be repeated in this experimentls discussion. convenience' 
and acceptability, of course, overlap in a major sense ; however, where acceptability 
might be emphasized relative to convenience if a conflict occurred in designing for food 
consumption, the reverse would be true in the food preparation task. 
The Experimental Source Reference is the AGC. The Measured Phenomena 
are the convenience and acceptability of the food preparation tasks as  determined by 
subjective, cinegraphic, and time and motion criteria. Common-use equipment includes 
food preparation facilities and cinegraphic cameras, Major Instruments o r  Apparatus 
(experbnent-peculiar) includes any added utensiles and the Subject questionnaires. 
The Subject's Pre-Test Sate and its EPO ratings are the same as for  11-l.ll. 
The Test Subject's Adivity consists of performing conventional food preparation tasks, 
introducing varying methods o r  equipment a s  required, and responding to the question- 
naires. EPO ratings for this factor are the same as for GI-l.ll. Preparation for each 
meal is considered a repetition. The Total T h e  of the experiment and its EPO ratings 
are the saine as for 11-1. l1 as this study Wolves ecological considerations requiring 
inaxbnum exposure duration. The assumed number of criteria to be extracted from the 
questionnaires for purposes of estimating data points are nine: configuration of uten- 
siles and their arrangement in the food preparation compartment, the configuration 
of the cornpartinent and its location within the artificial-g field, co-location 
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convenience of food preparation compartment, and the acceptabilities of the compart- 
ment's color, temperature, noise, and lighting. The Number of Data Points is 1377: 
243 from Phase II/I1I (9 rpm/g-level environments, one day in each rpm/g-level 
environment, 3 meals/day, 9 criteria) and 1134 from Phase IV (42 days, 3 meals/day, 
and 9 criteria). Based on an estimated total experimental time penalty of 51 hours, the 
T h e  per Data Point is 0.037 hour. The Measurement Environment and its EPO 
ratings a re  the same a s  for Experiment 111-1. 41. 
Experiment Objective Attainment and its EPO ratings are the same a s  for 
Experiment III-1.61. Crew Time per Data Point is 0.037 hour. Equipment Weight and 
Volume per Experiment are  not significant (NS) . 
ID-1. g3 Food Preparation Task - The Experiment Source Reference is GDC. 
The Objective of this experiment and a number of its definition and analysis aspects 
are  the same a s  for 111-1. gl. Only those factors that entail differences are consider- 
ed here. 
Essentially, this experiment differs from 111-1. g1 as 11-1. l3 differs from 
11-1. ll. The Subject's Pre-Test State and its EPO ratings are  the same a s  for 
11-1. 13. The Test Subject's Activity is completely analogous to 11-3. 13, combining 
the habituation headturn sequence and the 111-1. g1 food preparation task into a short- 
ened Total Time profile. EPO ratings for this factor are  the same a s  for 111-1. gl. 
The Total Time for t h h  experiment and its EPO ratings a re  the same as for=-3.13. 
The repetition Interval ranges from 6 hours to 12 hours (the pmparation for each keal is 
considered a repetition). Number of Data Points is 72 (8 meals, 9 criteria). Based on a 
2.6 hour total experimental time penalty, Time per Data Point is 0.28 hour. (Note: the san 
qualification applies to Time per Data Point in this experiment as  was cited in III-1. 43.) 
The Measurement Environment and its EPO ratings are  the same a s  for ID.-1. 13. 
Experiment Objective Attainments are  the same as  for 111-1. 53 with the exception that EPOs 
'b' and 'c ' are  rated fair because of the greater mobility required for the task and the 
concomitant increase in coriolis sensitivity. Crew Time per Data Point is 0.28 h . 0 ~ ~  
Equipment Weight and Volume per Experiment is not significant (NS). 
111-2.0 Garments and Laundry 
111-2. l1 Threshold of Shoe Adhesion that Improves Traction/g-level - The 
Objective is to determine traction as  a function of shoe adhesion throughout a nominal 
range of artificial-g environments. 
Adhesion improves traction and is not a s  dependent as  friction on the normal 
force provided by body mass and g-level. However, adhesion is likely to be a 
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potential irritant to the crewman - producing a sensation similar to walking on a new- 
ly painted floor that is still tacky. It would seem that in a hypogravitational environ- 
ment, a maximum of shoe sole frictional coefficient would be desirable so as  to derive 
a maximum foot traction for a given g-level. This is important since an unrestrained 
individualts ability to exert horizontal force components - whether to resist coriolis 
forces o r  to impose positive forces - depends upon a point of traction. With maximum 
friction coefficient available, any additional traction would have to be provided by 
adhesion. The most acceptable sole adhesion, therefore, would be the minimum level 
(therefore the least potentia1,for irritation) that would provide adequate traction for the 
given g-level. Adequate traction would be a function of the maximum level of horizon- 
ta l  force the astronaut would be required to exert while unrestrained. As this experi- 
ment involves only variable g-levels and shoe sole adhesion options, it is amenable to 
groundbased mathematical analysis and test, and requires only spacebased confirmation. 
The Experimental Source Reference is the AGC. The Measured Phenomenon is 
foot traction as  a function of shoe sole adhesion for each artificial-g environment 
throughout a nominal range, with traction determined by the amount of horizontal pull 
that can be exerted. Common-use equipment includes a recorder to receive and store 
analog data. Major Instruments or  Apparatus (experiment-peculiar) include test shoes 
with four sets of interchangeable soles, each having the same friction coefficient but 
different adhesive characteristics, and &e horizontal pull device which provides a 
spring-loaded, measured, resistance to pull against. 
The Subject's Pre-Test State and its BPO ratings a re  the same a s  for Experi- 
ment III-1. ll. The Test Subject ' s activity consists of wearing each of four shoe sole . 
options - one having a maximum frictional coefficient with no adhesion, the other 
three supplementing the frictional coefficient with different levels of adhesion -, and 
exerting horizontal pulls to the point of traction break. Break points for pulls while - , 
wearing zero-adhesion soles will indicate traction levels due to nominal friction only. 
Deviation from traction curves plotted for other soles as  a function of g-level will be 
due to adhesive contribution to traction, with point of deviation being the threshold in 
each case. Each repetition consists of 12 trials (4 sole options, 3 trials each) and 
requires 30 ininutes (15 minutes setup, 10 ininutes test, 5 ininutes cleanup) to conduct, 
EPO ratings for Test Subject's Activity are the s a n e  as for IU-1.4 The Total Time 
of the experiment and its EPO ratings a re  the same as for III-1.1 both being 
physical (habitability, category m) experiments. The repetition Iderval is 24 hours. 
The number of Data Points is 36 (4 sole options, one repetition at each of 9 rpm/ 
g-level environments). Based on a total experimental time penalty of 4.5 hours, the 
Time per Data Point is 0.13 hour. The Measurement Environment and its EPO 
ratings are  the same as for Experiment IlI-1.4 1 
Experiment Objective Attainment EPO ratings are  the same as for Experiment 
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III-1. ll. Crew Time per Data Point is 0.26 hour. Weight per Experiment is 10 lbs. 
3 Vo3.uine per Experiment is 0.4 ft . 
111-2. l3 Threshold of Shoe Adhesion that Improves ~raction/g-level - The 
Experiment Source Reference is GDC. The Objective of this experiment and a number 
of its definition and analysis aspects a re  the same as for III-2. ll. Only those factors 
that entail differences a re  considered here. 
The Subject's Pre-Test State and its . EPO ratings are  the same as  for III-1. 13. 
Total Time for the experiment is 2.3 hours (25 minutes setup, 1 12-minute repetition I 
a t  each of 5 rpm/g-level environments, and 15 minutes cleanup). EPO ratings for  
this factor are  the same a s  for 111-1. 13. The repetition Interval is 0.2 hour. Nuinber 
af Data Points is 20 (4 shoe sole options, 5 rpm/g-level environments). Time per 
Data Points is 0.12 hour. The Measurement Enviromnent and its EPO ratings are  the 
same a s  for III-1. 43. 
Experiment Objective Attainment ratings are  the same a s  for 111-1. 13, with the 
exception that EPO 'a' is unacceptable because of its rating for Test Subject Activity 
(no floor to support subject). Crew Time per Data Point is 0.24 hour. 
III-2. 21 G-Threshold for water 'settling Under Agitation - The Objective is to 
determine the rate of water settling under agitation a s  a function of the various arti- 
ficial-g environments constituting a nominal range. 
To determine the feasibility of using a conventional agitation clothes-washer as  
a function of artificial-g levels, it is necessary that the rate of water settling, under 
agitation and through a mat of fabric, be determined throughout a nominal artificial-g 
range. As a weight-settling study, certain of its aspects are  in common with Experi- 
ment 111-1. 31, the study concerned with the settling of food solids. Like that experi- 
ment, this study also presents a reasonably complex physical system that requires 
spacebased research for a confirmation of groundbased analysis. In this study, both 
the forces of agitation and the contained fabrics present impediments to nominal 
settling for a given g-level. 
The Experiment Source Reference is the AGC. The Measured Phenomenon is 
the rate of water settling through a calibrated vertical distance containing a mat of 
fabric, while under agitation, a s  measured by the dependent mass accumulation per 
unit time. Common-use equipment includes a restraint chaidwork bench unit, a voice 
log, and cinegraphic cameras. Major Instruments o r  Apparatus (experiment-peculiar) 
include the settling rate device. The settling rate device consists of a dumbbell-shaped 
container, made of non-wetting transparent plastic, suspended in a frame linked to 
a mechanical agitator. Each end of the container is a weighing chamber with a 
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trapped-opening leading to the connecting settling span. The settling span is 12 inches 
in height and contains a suspended mat of fabric of appropriate permeability. By 
making both end-chambers of the device identical, only inversion is required to prepare 
it for the next trial. The weighing chambers are linked to an analog recording unit. 
The Subject's Pre-Test State and its EPO ratings a re  the same as for III-1.1 as 
1'. 
are essentially the Subject's Activity and its ratings. Trials per repetition are  6 (2 
agitation rates, 3 trials each). Total Time for the Experiment and its EPO ratings 
are the same a s  detailed for Experiment 111-1. ll. The Number of Data Points is 18 
(2 agitation rates, 1 repetition at  each of 9 rpm/g-level environments). Total experi- 
mental time penalty is 3.0 hour (each repetition requires: 10 ininutes setup, 5 ininutes 
test, and 5#minutes cleanup). Time per Data Point is 0.17 hour. The Measurement 
Environment and its EPO ratings are the same a s  for III-1.31. 
Experiment Objective Attainment EPO ratings a re  the same as for Experiment III-1.1 
Crew Time per Data Point is 0.17 hour.,Weight per Experiment is 10 lbs. Volcune per - 1' 
3 Experiment is 1.5 f t  . 
ID-2. Z3 G-Threshold for Water Settlinff Under Agitation - The Experiment 
Source Reference is GDC. The Objective of this experiment and a number of its 
definition and analysis aspects are the same a s  for 111-2. 21. Only those factors that 
entail differences are  considered here. 
Subject's Pre-Test State and its Epo ratings are  the same a s  for 111-1. l2. 
Total Time for the experiment is 2.0 hours (15 ininutes setup, one 10-minute repetition 
at each of 10 rpm/g-level environments, 5 minutes cleanup). Repetition Interval is 
0.2 hour. Number of Data Points is 20 ( 2  agitation rates, 10 rpm/g-level environments). 
The Time per Data Point is 0.1 hour. The Measurement Environment and its EPO 
ratings a re  the same as for 111-1. 33. Crew Time per Data Point is 0.1 hour. Equip  
ment weight and volume are the same a s  for 111-2. 21. 
III-3.0 Housekeeping 
ID-3.1 Settling Rates a s  a Fuxtion of Particle Size and G-Level - The 1 
Objective is to determine the settling rates of dry airborne particulates as  a function 
of particle size and g-level throughout a nominal range of artificial gravity. 
This study involves the same physical considerations as  III-1. 31, which will not, 
therefore, be repeated here. The importance of determining these rates, so as  to 
facilitate the proper design of subsequent vehicular air-conditioning systems, cannot 
be overemphasized. Not only do suspended particulates present the same nuisance 
and health hazards a s  in the groundbased environments, but the closed ecology and 
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the volume constraints magnify the negative potentials of the dusts. Suspended 
particulates also are  hazardous for precision equipment. . 
As this experiment closely resembles In-1. 31, only those factors involving 
differences will be reported here. Testing is conducted on four different aggregates, 
each of different particle sizes. Trials per repetition are 12. Total experimental 
time penalty is 3.0 hours., (10 ininutes setup, 6 ininutes tests, and 4 ininutes clezgup) 
for each :repetition. Number of Data Points is 36, giving a Time per Data Point of 
0.08 hour. Crew Time per Data Point is 0.08 hour. Weight per Experiment is 9 lbs. 
3 - .  Volume per Experiment is 1.5 f t  . 
III-3. l3 Settling Rates as  a Function of Particle Size and g-Level- In conduct, 
this experiment is nearly identical to flI-1. 33. Only differences will be given here. 
As four aggregate samples are tested, the Number of Data Points is 40. Time per 
Data Point is 0.08 hour. Crew Time per Data Point is 0.08 hour. 
111-3. 21 Housekeeping Convenience and Efficiency - The Objective of this 
experiment is to determine the convenience and efficiency of performing housekeeping 
tasks throughout a nominal range of artificial-g environments. 
This experiment is  almost completely analogous to El-1.9 the study of food 1' preparation task performance, in that it involves the evaluation of all habitability 
aspects of a major non-perational activity. As such, the problems to be investigated 
in relation to the artificial-g force field a re  the same and will not be reiterated 
here. 
The Experimental Source Reference is the AGC. The Measured Phenomena are  
the convenience and efficiency of performing housekeeping tasks a s  measured by sub- 
jective, cinegraphic, and time and motion criteria. Common-use equipment includes 
conventional items for housekeeping, interval timers, and cinegraphic cameras. 
Major Instruments o r  Apparatus (experiment-peculiar) include the subject question- 
naires. 
, The Subject's Pre-Test State and its EPO ratings a re  the same as for 11-1. ll. 
The Test Subject's Activity consists of performing required housekeeping tasks , using 
a s  conventional equipment a s  is feasible, and responding to the questionnaires. EPO 
ratings for this factor a re  the same a s  for III-1. 41. Each day's tasks a re  considered 
a single repetition . The Total Time of the experiment and its EPO ratings a re  the 
same as for II-1.1 a s  this study involves ecological. considerations requiring maximum 1 
exposure duration. Although convenience and efficiency are  logically overlapping 
qualities, for the purpose of this experimental analysis they are  counted a s  separate 
criteria, w i~h  the various questionnaire entries and time and motion data collectively 
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used to define their levels. The Number of Data Points is 270: 18 from Phase IIJIII 
(2 criteria, one day of housekeeping at each of the nine rpm/g-level environments), 
and 252 from Phase IV (2 criteria, 42 days of housekeeping, and the requirement for 
some housekeeping to be performed daily at each of the 3 radii). Based on 
estimated total experimental time penalty of 25.5 hours (30 minutes spent, during each 
test Interval of 24.0 hours, to respond to questionnaires), Tiine per Data Point in 0.09 hour 
(Time-lapse video cameras are essentially permanent setups.) The Measurement 
Environment and its EPO ratings are the same as  for Experiment In-1. 41. 
Experiment Objective Attainment EPO ratings are the saine as  for Experiment 
III-1. 61. Crew Tiine per Data Point is 0.09 hour. Equipment Weight and Volume 
per Experiment are not s i e c a n t  (NS). 
IU -3. 23 Housekeeping Convenience and Efficiency - The Experiment Source 
Reference is GDC. The Objective of this experiment and a number of its definition and 
analysis aspects are the same as for III-3.21. Only those factors that entail differences 
are considered here. 
Essentially, this experiment differs from III-3. 21 as  II-1. l3 differs from 11-1. ll. 
The Subject's Pre-Test State and its EPD . ratings are the same as for 11-1. 13. The 
Test Subject's Activity is completely analogous to II-3. 13, combining the habituation 
headturn sequence and the III-3. 21 housekeeping tasks into a shortened Total Time 
profile. EPO ratings for this factor a re  the same as for m-3.Z1. 
The Total Tiine for this experiment and its EPO ratings are the saine a s  for 
II-3.1 . The repetition Interval ranges from approxiinately 2 hours to 12 hours. 
(All  o8the housekeeping performed at each of the pertinent rpin/g-levels is con- 
sidered one repetition.) Nunber of Data Points is 10 (5 rpin/g-level environ- 
ments, 2 criteria), Based on a 20-hour total experiment time penalty, Time per 
Data Point is 2.0 hours. The Measurement Environment and its EPO ratings are 
the saine a s  for HI-1.4 Experiment Objective Attainments are the same as for 3 Crew Time per Data Point is 2.0 hours. Equjpment Weight and Volvne per 
E Z i ~ e n t  ire not significant (NS). 
III-4.0 Personal Hygiene 
III-4. l1 Threshold-g for Lavatorv/Shower Spray Settling - The Objective is to 
determine the lavatory/shower spray settling rates throughout a nominal range of 
artificial gravity environments. 
This is subject to aerodynamic treament since the water droplets are generally 
well-dispersed - especially in the shower --, are essentially spherical, and are of 
known density. The principal contingencies are: drop size, atmospheric density, 
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gravity level, and air circulation currents. The major difficulties in generating a 
valid test include: the difficulty in introducing a spray sample that duplicates the 
drop size distribution and population of the operational unit, and the difficulty in 
determining and integrating the terminal velocities of all of the individual droplets of 
the operational unit (e. g., a t  one g, the larger drops require approximately 30 ft. of 
fall to stabilize at terminal velocity). Because of these Wiculties, and the random 
effect of body movement-generated air  currents upon settling rates, the most realis- 
tic approach to this study is to employ actual usage of lavatory and shower units in 
determining the rates. The major impact of personal cleanliness upon environmental 
habitability, and the need for hypogravitational confirmation of satisfactory gravity 
levels for use of conventional water-spray facilities, makes this determination a 
spacebased requirement. 
The Experimental Source Reference is the AGC. The Measured Phenomena are 
the rates of water spray settling from lavatory faucets and shower heads as a function 
of each of the artificid-g environments in a nominal range. The rate is determined 
by measuring the weight of the collected water per unit time. Common-use equip- 
ment includes a recorder of analog data, cinegraphic cameras and a voice log to 
record ancillary information. Major Instruments or Apparatus (experiment-peculiar) 
include water collection and weighing deviees, installed in bypasses that are integrated 
into the immediate drainage plumbing from the sink and the shower, and timer- 
actuated solenoid valves in the inlet systems of both devices to admit a prescribed 
amount of water per unit time. Both devices are shrouded in non-wetting transparent 
plastic to prevent unwanted droplet diffusion at the lower gravity levels. 
The Subject's Pre-Test State and EPO ratings are the same as for III-1. l1. 
The Subject's Activity for each repetition consists of three sink trials and three 
shower trials. h the interests of expedition, the trials are conducted in continuity 
with the subject's nominal usage of the sink and shower. For example: the subject 
steps into the shower after having opened the drain bypass to the water weighing re- 
ceptacle. He actuates a switch which opens the inlet valve and allows a prescribed 
amount and flow of warm water to spray from the shower head, the subject mean- 
while performing the normal body motions associated with showering. The settled 
and draining water is weighed a s  a function of time, with the excess topping off into 
the outlet from the bypass. This trial activity is done three times in succession, 
followed by the subject's use of the shower. Three trials are performed using the 
sink in an analogous fashion. Trials per repetition. are six (sink and shower, three 
trials each). Repetition time totals one hour (30 minutes each for sink and shower: 
10 minutes setup, 15 minutes test, and 5 minutes cleanup). The Total Time for the 
experiment and its EPO ratings are the same as detailed for Experiment m-1. ll. 
The Number of Data Points is 18 (2 modes, 9 rpm/g-level environments). Total 
experiment time penalty is 9.0  hr, , giving a Time per Data Point of 0.5 hr. The 
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Measurement Environment and its EPO ratings a r e  the same a s  for 111-2.1 1' 
Experiment Objective Attainment and its EPO ratings a r e  the same a s  for 
Experiment 111-1.1 Crew Time per Data Point is 0.5 hr. Weight per Experiment 1' 3 is 5 lbs. Volume per Experiment is 0.6 ft . 
111-4.1 Threshold-g for Iavatory/Shower Spray Settling - The Experiment 3 Source Reference i s  GDC. The Objective of this experiment and a number of i ts  
definition and analysis aspects a r e  the same as for 111-4.1 Only those factors 
that entail differences are considered here. 1' 
Subject's Pre-Test State and its EPO ratings a r e  the same a s  for 111-1.1 The 3 ' Total Time for the experiment is 3.0 his .  (20 minutes setup, 30 minutes of testing 
in each of the 5 rpm/g-level environments, 10 minutes cleanup). Number of Data 
Points is  10 (2 modes, 5 rpm/g-level environments), giving a Time per Data Point 
of 0.30 hr. The Measurement Environment and its EPO ratings a re  the same a s  
for 111-1.4 Experiment Objective Attainments a r e  the same a s  for 111-2.1 3 ' 3' Crew Time per Data Point is  0.30 hr. Equipment Weight and volume a r e  the same 
as  for 111-4.1 1' 
111-4.2 Personal Hygiene Convenience and Efficiency - The Objective of this 1 
experiment is to determine the convenience and efficiency of performing conventional 
personal hygiene duties throughout a nominal range of artificial gravityenvironments. 
This experiment is completely analogous to 111-3.2 the study of housekeeping 1' 
convenience and efficiency. As such, the possible task sensitivities to an artificial- 
g environment a r e  identical and will not be reiterated here. 
The Experimental Source Reference i s  the AGC. The Measured Phenomena 
a re  the convenience and efficiency of performing personal hygiene tasks, as measured 
by subjective, cinegraphic, and time and motion criteria. Common-use e q u i p ~ ~ e n t  
includes conventional items for maintenance of personal hygiene, interval timers, and 
cinegraphic cameras. Major Instruments o r  Apparatus (experiment-peculiar) 
include the subject questionnaires . 
The Subject's Pre-Test State and its EPO ratings a r e  the same as for 11-1.1 1' The Test Subject's Activity consists of performing required personal hygiene tasks 
using such conventional equipment a s  is feasible, and evaluating convenience by 
responding to the questionnaires. EPO ratings for this factor a r e  the same a s  for 
111-1.4 Each day's tasks constitute one repetition. The Total Time of the experi- 1' 
ment and its EPO ratings a r e  the same as for 11-1.1 as this study involves ecological 1 
considerations requiring maximum exposure duration. Although convenience and 
efficiency a r e  logically overlapping qualities, for the purposes of this experimental 
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analysis they are considered as separate criteria, with the various questionnaire 
entries and time and motion data collectively used to define their levels. The Number 
of Data Points is 102: 18 from Phase II/lII (2 criteria, one repetition. at each of the 
nine rpm/g-level environments), and 84 from Phase IV (2 criteria, repetition -' 
for each of the 42 days spent in partial gravity). Based on an estimated total experi- 
menfal time penalty of 25.5 h r  . (30 minutes per day responding to questionnaires), 
Time per Data Point is 0.25 hr. The Measurement Environment and its EPO 
ratings are the same as  for Experiment IIC-1. 41. 
Experiment Objective Attainment E PO ratings are the same as for Experiment 
III-1. 61. Crew Time per Data Point is 0.25 h r  . Equipment Weight and Volme per 
Experiment are not significant (NS) . 
III-4. 23 Personal H~niene Convenience and Efficiency - The Experiment 
Source Reference is GDC. The Objective of this experiment and a number of its defi- 
nition and analysis aspects are the same as for III-4.21. Only those factors  at en- 
tail differences are considered here. 
Essentially, this experiment differs from III-4.21 as  11-1. l3 differs from 11-1. ll. 
The Subject's Pre-Test State and its EPO . ratings are the same as  for 11-1. 13. The 
Test Subject's Activity is completely analogous to 1T-3.13, combining the habituation 
headturn sequence and the III-4. 21 personal hygiene tasks into a shortened Total 
Time profile. E PO ratings for this factor are the same as for III-4. 21. 
The Total Time for this experiment and its EPO ratings are the same as for 11-3.1 3 ' The repetition Interval Ranges from 4 hrs . to 16 hrs . (overnight), representing the time 
interval separating pertinent rpm/g-level environment changes, the personal hygiene 
tasks performed in a single rpm/g-level environment making up one repetition. 
The Number of Data Points is 10 (5 rpm/g-level environments, 2 criteria). Based on a 
20-hr . total experimental time penalty, T$me per Data Point is 2.0 hrs . The Measure- 
ment Environment and its E PO ratings are the same a s  for 111-1.4 Experiment 3' Objective Attainmentsare the same as for 111-1.5 Crew Time per Data Point is 3 2.0 hrs. Equipment Weight and Volume per Experiment are not significant (NS). 
III- 5.0 Sleeping Facility 
ID-5. l1 Overall Sleep Station Configuration - The Objective is to determine the 
-
preferred sleep station configuration a s  a function of each artificial-g environment 
within a nominal range. 
As in Experiment 111- 1. 61, involving assay of dining room configurations, this 
experiment requires not only that compartment utilization be effective, but moreover 
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that the configuration recreate, where practical, the amenitres associated with habit- 
able groundbased sleeping quarters. The station should not only provide sleeping 
comfort but also the personal privacy conducive to lounging and isolated reJaxation. 
In this respect - for example, in the provision of appointments for reading, o r  the 
enjoyment of audio and/or visual entertainment - this experiment overlaps the 
experiment concerned with off-duty activities (Experiment 111-6. ll). The making of 
the beds must be facilitated. 
The Experimental Source Reference is the AGC. The Measured Phenomena 
are the acceptabilities of the various sleep station configurations as determined by 
subjective, cinegraphic, and time and motion criteria. Common-use equipment in- 
clude cinegraphic cameras. Major Instruments o r  Apparatus (experiment-peculiar ) 
are reconfigurable architectural components and subject questionnaires. 
This experiment is to be conducted at the appropriate rpm/g-level environ- 
ments during AGC Phases 11, 111, and IV. The Subject's Pre-Test State and its 
EPOratings are  the same as for 11-1. ll. The Test Subject's Activity consists of 
utilizing, maintaining, and reconfiguring the sleep station, and responding to the 
questionnaires. EPO ratings for this factor are the same as for 111-1. I1. Each 
day's utilization of the sleep station is considered a repetition. The Total Time of 
the experiment and its E PO ratings are  the same as for 11-1. ll. The Number of 
Data Points is 51: 9 during Phase II/III (9 rpm/g-levels) and 42 during Phase IV 
(42 of partial gravity exposure). Assuming an experimental time penalty of 10 min- . 
utes per repetition, the total experimental penalty is 8.5 hr, , and the Time per 
Data Point is 0.167 hr. The Measurement Environment and its EPO ratings are  
the same as for  Experiment 111-1. 41. 
Experiment Objective Attainment EPO ratings a r e  the same as  for 111-1.6 
1 : Crew Time per Data Point is 0.167 hr. Equipment Weight and volume per experi- 
ment a re  not significant (NS). 
111-5. 21 Co-Location of Sleep Station - The Objective is to determine the pre- 
ferred location of the sleep station relative to other compartments and stations, as a 
function of the artificia1.g environments within a nominal range. 
This experiment bears the same relationship to 111-5.1 as 111-1. 71 does to I 
111-1. 61 in that it considers the location of the sleep station to other compartments 
and stations as judged by subjective, cinegraphic, and time and motion criteria. 
This involves contingencies not unlike those for a groundbased sleep station: for 
example, convenience to hygienic facilities and isolation from stimuli that might 
potentially inhibit relaxation and sleep. As such, this experiment shares some re- 
dundancies with 111-5. 31. The problem of co-location convenience is an ecological 
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one, requiring prolonged exposure for resolution. . ' 
The Experimental Source Reference is the AGC. The problem of co-location 
convenience of the sleep station as determined by subjective, cinegraphic, and time 
and motion criteria. Common-use equipment includes translocatable sleep station 
furnishings, and cinegraphic cameras. Major Instruments or  Apparatus (experiment- 
peculiar) are subject questionnaires. 
The Subject's Pre-Test State and its EPO . ratings are the same as for 
II-1.1,. The Test Subject's Activity consists of performing activities nominally 
associated with the station, assisting in translocating its furnishings if required, and 
responding to the questionnaires. EPO ratings for this factor are  unacceptable for 
all short-radius options as the volume constraints prevent realistic co-locations to 
other compartments within the same artificialgravity field, and excellent for EPOs 
d ' and ' e ' . Each diurnal usage represents one experimental repetition. The 
Total Time of the experiment and its EPO ratings are  the same as for 11-1. ll. 
The number of Data Points is 51: 9 from Phase II/III (9 rpm/g-level environments, 
1 day in each environment) and 42 from Phase IV (42 days of partial gravity). Assum- 
ing an experimental time penaltv of 10 minutes per repetition, the total penalty is 
8.5 hr. , and the Time per Data Point is 0.167 hr. The Measurement Environment 
and its EPO ratings are  the same as for Experiment 111-1. 41. 
Experiment Objective Attainment EPO ratings a re  the same as  for 111-1,7 1' Crew Time per Data Point is 0.167 hr. Equipment Weight and volume per experi- 
.merit a re  not significant (NS) . 
111-5. 31 Acceptability of Temperature, Noise, Lighting, Etc. - The Objective 
is to determine the acceptabilities of various rotationally-unrelated physical stimuli 
(temperature, noise, lighting, etc. ) in the sleep station throughout a nominal range 
of artificial% environments. 
The significance of these various physical factors in the provision of an 
acceptable sleep station environment was discussed in the Experiment 1-1. 2cl text, 
is axiomatic, and will, therefore, not be reiterated here. The Experimental 
Source Reference is the AGC. The Measured Phenomena are the acceptabilities of 
various levels of the physical stimuli as a function of each artificial% environment 
within a nominal range. Acceptability is to be determined entirely from the subjects1 
responses to questionnaires. Common use equipment includes the sleep station facili- 
ties, with provision given for controlled variations stimuli, including lighting, and 
the effective acoustical and thermal environments. Major Instruments o r  Apparatus 
(experiment-peculiar) are the subject questionnaires. 
The Subject's Pre-Test State and its EPO ratings are  the same as for  
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11-1. ll. The Test Subject's Activity consists of conventional activities 
associated with the sleep station, assisting in altering the environmental inputs if 
required, and responding to the questionnaires. EPO . ratings for this factor are  
the same as for 111-1. 41. Each diurnal usage is considered a repetition. The Total 
Time of the experiment and its EPO ratings are  the same as for 11-1. ll. The 
Number of Data Points is 153: 27 from Phase II/III (9 rpm/g-level environments, 
1 day per environment, and - for this example - three physical stimuli), and 126 
from Phase IV (42 days at partial g, 3 physical stimuli). Assuming a total experi- 
mental time penalty of 8.5 hr, , the Time Pe r  Data Point is 0.055 hr. The Measure- 
ment Environment and its E P O  ratings are  the same as for Experiment 111-1. 41, 
Experiment Objective A t t a i n m e n t ~ ~ o  ratings a r e  the same as  for Experiment 
III-1.61. Crew Time per Data Point is 0.055 hr. Equipment Weight and Volume per 
Experiment are not significant (NS). 
111-5.4 Sleeping Provision Design and Orientation - The Objective is to 
-1 determine the preferred design and orientation of the sleeping provision as a function 
of the various artificial g environments within a nominal range. 
While it is accepted that sleeping with the long body axis parallel with the 
rotational axis of the environment should be the orientation of choice during the 
habituation phase of rotational exposure, it must be determined if tangential orienta- 
tion is well tolerated during this period s o  that the mission time required for habitu- 
ation can be reduced by ensuring that cross-coupling of head rotations with environ- 
mental rotation continues while the crewman is resting. For the experiment, the 
design of the provision must allow a range of alteration that will allow the subject to 
choose the degree of support and restraint required for a particular gravity level. 
Also, since the effectiveness of low levels of artificial gravity in attenuating physio- 
logic deconditioning relative to the one g baseline is a direct function of the individual's 
verticality, the degree of verticality that can be comfortably tolerated in the sleeping 
posture at  the lower gravity levels should be determined. 
The Experimental Source Reference is the AGC. The Measured Phenomena 
are the acceptabilities of the various sleeping provision designs and orientations a s  
determined from subject s responses to questionnaires. Common-use equipment 
include the sleep station facilities , with reconfigurable sleeping provisions. Major 
Instruments o r  Apparatus (experiment-peculiar) are the subject questionnaires. 
The Subject's Pre-Test State and its EPO ratings a re  the same as 11-1. ll. 
The Test Subjectf s Activity consists of performing conventional activities associated 
with the sleep provision, assisting in its reconfiguration if required, and responding 
to the questionnaires. EPO ratings for this factor are  the same as for 111-1. 41. 
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Each diurnal usage is considered a repetition. The Total Time of the experiment 
and its EPO ratings are  the same as for 11-1. ll. The Number of Data Points is 
102: 18 from Phase II/III (9 rpm/g-level environments, 1 day per environment, 2 
overall criteria - design and orientation) and 84 from Phase IV (42 days at partial 
g, 2 criteria). Assuming a total experimental time penalty of 8.5 hr, , the Time per 
Data point is 0.083 hr. The Measurement Environment and its E P O  ratings are the 
same as for Experiment 111-1. 41. 
Experiment Objective Attainment E PO ratings a re  the same as for Experiment 
111-1. (jl. Crew Time per Data Point is 0.083 hr. Equipment Weight and Volume psr  
Experiment are  not significant (NS). 
111-5. 43 Sleeping Provision Design and Orientation - The Experiment Source 
Reference is GDC. The Objective of this experiment and a number of its definition 
and analysis aspects are  the same as for 111-5. 41. Only those factors that entail 
differences are considered here. 
Essentially, this experiment differs from 111-5. 41 as 11-1. l3 differs from 
11-1. ll. The Subject's Pre-Te,rC State and its EPO ratings a re  the same as for 
11-1. 13. The Test Subjectf s Activity is completely analogous to 11-3. 13, combining 
the habituation headturn sequence and the 111-5. 41 functions into a shortened Total 
Time profile. EPO. ratings for this factor are the same as for 111-5. 41. In both 
experiments the constraint imposed by the limited axial dimension of the short- 
radius devices prevents sleeping in that orientation; however, since the tangential 
orientation represents the only problematical case, being so  limited is not significant. 
The Total Time for this experiment and its EPO ratings a re  the same as for 
11-3.1 The repetition Interval is 12 hours, the diurnal sleeping phase divided into 3 ' two episodes to increase the data output per unit time. The sleeping provision 
evaluation performed a t  a single rpm/g-level environment .makes up one repetition. 
The Number of Data Points is 10 (5 rpm/g-level environments, 2 criteria - design 
and orientation). Based on a 20-hour total experimental time penalty, the Time per 
Data Point is 2.0 hrs. The Measurement Environment and its EPO ratings a re  the 
same as for 111-1.4 Experiment Objective Attainment EPO ratings a re  the same a s  3 ' for 111-1.5 Crew Time per Data Point is 2.0 hrs . Equipment Weight and Volume 3 ' per Experiment a re  not significant (NS). 
111-5. 51 Thresholds for Sleeping Comfort - The Objective is to determine 
the threshold-g for sleeping comfort within a nominal range of artificial-g environ- 
ments. 
Like experiments 111-1.5 and in contrast to the physical experiments con- 
sidered, this experiment considers aspects of habitability that resist groundbased 
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resolution by empirical and/or analytical means. This expe~iment is based on the 
premise that optimal habitability relative to sleeping can be achieved only in a mode 
at least qualitatively similar to that used on the ground. The results of this experi- 
ment should indicate what is the minimum gdevel required to achieve sleep that is 
subjectively comparable to that enjoyed on the ground. 
The Experimental Source Reference is the AGC. The Measured Phenomenon 
is the level of sleeping comfort enjoyed at  each of the artificial-g environments as 
evidenced by the responses of the subjects to appropriate questionnaires. Common- 
use equipment include conventional bunks provided with optional restraints for en- 
vironmental situations where g-support is inadequate. Major Instruments or  Appara- 
tus (experiment-peculiar) are the specific questionnaires to be filled out by the sub- 
ject. 
This experiment is to be conducted at the appropriate rpm/g-level environ- 
ments during Phases I1 and 111. The Subject's Pre-Test State and its EPO ratings 
are the same as for 11-1. ll. The Test Subject Activity consists of utilizing, main- 
taining, and reconfiguring the sleep provision as required, and grading the quality of 
sleep by responding to the provided questionnaires. EPO ratings for Test Subjectf s 
Activity are the same as for 111-1. 41. Each diurnal usage is considered a repetition. 
Total time for the experiment and its EPO . ratings are the same as detailed for 
111-1. ll. The Number of Data Points is 9 (9 r ~ m / ~ - l e v e l s ,  1 criterion. Assuming 
the only experimental time penalty to be a 10-minute questionnaire response for each 
repetition, the Time per Data Point is 0.167 hr. The Measurement Environment - 
and its EPO ratings are the same as for Experiment 111-1.41. 
Experiment Objective Attainment -EPO ratings a re  the same as  for 111-1.4 1' Crew Time per Data Point is 0.167 hr. Equipment Weight and Volume per Experiment 
are  not significant (NS). 
111-5. 53 Threshold-P for Sleeping Comfort - The Experiment Source Refer- 
ence is GDC. The Objective of this experiment and a number of its definition and 
analysis aspects are the same as for 111-5, 51. Only those factors that entail differ- 
ences are  considered here. 
Essentially, this experiment differs from 111-5.5 as 11-1. l3 differs from 
11-1. ll. The Subjectf s Pre-Test State and its EPO ratings are the same as fo r  
11-1. 13. The Test Subject s Activity is completely analogous to 11-3. 13, combining 
the habituation headturn sequence and the 111-5. 51 sleeping comfort evaluation task 
into a shortened Total Time profile. EPO ratings for this factor are the same as 
for 111-5.5 
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The Total Time for this experiment and its EPO ratings a re  the same as  for 
11-3.1 The repetition Interval is 12 hours. The Number of Data Points is 5 3 ' (5 rpm/g-level environments Jcriterion). Based on a 20-hour experimental time 
penalty, Time per Data Point is 4.0 hrs. The Measurement Environment and its EPO 
ratings a re  the same a s  for III-1.4 Experiment Objective Attainment EPO ratings 3 ' 
are  the same as  for II-1.5 Crew Time per Data Point is 4.0 hrs. Equipment 3' Weight and Volume per Experiment is not significant (NS). 
111-6. 0 Off Duty Activities 
111-6.1 Overall Off-duty Area Configuration, Equipment and Schedule - The 1 
Objective is to determine the preferred configuration, equipment and schedule for off- 
duty activity areas as a function of the various inertial environments within a nominal 
range of artificial g. 
The considerations involved in this experiment are analogous to those that 
obtain in the other area configuration evaluation studies, e. g. , 111-1.61 and 111-5. l1 
concerning dining and sleeping areas. The greater number and variety of activities 
that must be considered in this experiment and, in some instances, the greater sub- 
jectivity of the evaluation criteria involved, make this a more complex study. Off- 
duty activities range from static to dynamic, from passive to active, from solitary to 
group. Included are  reading, audio/visual media, games, contests, and physical 
exercises. As with the other configuration studies, which are ecological in nature, 
an extended-duration exposure is required. During Phases II/III, the Same inolusive 
battery of activities is repeated at each rpm/g-level environment, but in Phase IVY 
the subject may emphasize those activities they prefer. 
The Experimental Source Reference is the AGC. The Measured Phenomena 
are the off-duty area configurations, equipment and schedule preferences as mea- 
sured by subjective, cinegraphic, and time and motion criteria. Common-use equip- 
ment include reconfigurable compartment structures and facilities, and cinegraphic 
cameras. Major Instruments o r  Apparatus (experiment-peculiar) are  the subject 
questionnaires. 
This experiment is to be conducted at the appropriate rpm/g-level environ- 
ments during AGC Phases 11, 111 and IV. The Subject's Pre-Test State and its EPO 
ratings are  the same as for 11-1. ll. The Test Subject1 s Activity consists of engaging 
in the prescribed program of off-duty activities, altering the area configuration and 
time schedule as preferred, and in Phase IV demonstrating preferences for activity 
items. Associated with each activity is the requirement to respond to all appropriate 
questionnaire items. EPO ratings for  this factor a re  the same as for 111-1. 41 with 
the exception that EPOs l b1 and c f  are  rated marginal because of both limited 
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space and the impossibility of implementing activities requiring two or  more sub- 
jects. Each day's off-duty activities are considered a single repetition. The Total 
Time of the experiment and its EPO ratings are the same as for 11-1. ll. The 
Number of Data Points is 153: 27 from Phase II/III (9 rpm/g-level environments, 
3 considerations - area, facilities, and schedule) and 126 from Phase IV (42 days 
at partial gravity, 3 considerations). Assuming an experimental time penalty of 10 
minutes per repetition, the total experimental time penalty is 8.5 hr, , and the Time 
per Data Point is 0.055 hr. The Measurement Environment and its EPO ratings 
are the same as for Experiment 111-1.4 1' 
Experiment Objective Attainment EPO ratings a re  the same as for 111-1.6 1 'Crew Time per Data Point is 0.055 hr. Equipment Weight and Volume per Expern- 
ment a re  not significant (NS). 
111-6. 21 Co-Location of Off-Duty Area - The Objective is to determine the 
preferred location of the off-duty areas relative to other compartments and stations, 
as a function of the artificial-g environments within a nominal range. 
As with the co-location evaluations previously discussed (111-1.7 and 111-5.2 ), 
this study is an ecological one, requirirg prolonged exposure for firm da ta  Involve 
are the interdependence or  continuity of off-duty activities with those occurring in 
a 
other areas and the consequent advantages of juxtaposition, or,  on the other hand, the 
advantages of isolating off-duty activities from areas of conflicting activities o r  
environmental factors. The significance of the various co-location factors may shift ' 
as the inertial environment is altered, and it is important that this correlation be 
determined. 
The Experimental Source Reference is the AGC. The Measured Phenomenon 
is the co-location convenience of the off-duty areas relative to other compartnlents 
and stations as determined by subjective, cinegraphic, and time and motion criteria. 
Common-us e equipment includes trans locat able off-duty facilities and cinegraphic 
cameras. Major Instruments or  Apparatus (experiment-peculiar) are  subject 
questionnaires. 
The Subjectf s Pre-Test State and its EPO ratings are the same as for 
11-1. ll. The Test Subject s Activity consists of performing the prescribed off-duty 
activities, assisting in translocating equipment and facilities if required, and respond- 
ing to the questionnaires. EPO. ratings for  this factor are  the same as for  111-1.71. 
Each day s off-duty activities are  considered a single repetition. The Total Time of 
the experiment and its EPO ratings are  the same as for 11-1. ll. The Number of 
Data Points is 51: 9 from Phase II/III (9 rpm/g-level environments, a single inte- 
grated rating') and 42 from Phase IV (42 days at partial gravity, daily rating). 
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Assuming an experimental time penalty of 10 minutes per repetition the Time per 
Data Point is 0.167 hr. The Measurement Environment and its EPO ratings are  
the same as for Experiment ID-1.4 1' 
Experiment Objective Attainment EPO ratings are the same as  for 111-1.7 1' Crew Time per Data Point is 0.167 hr. Equipment Weight and Volume per Experi- 
ment are not significant (NS). 
111-6.3 Acceptability of Temperature, Noise, Lighting, etc. - The Objec- 1 
tive is to determine the acceptabilities of various levels of rotationally-unrelated 
physical stimuli (temperature, noise, lighting, etc. ) in the off-duty areas a s  a 
function of the inertial environments within a nominal range of artificial gravity. 
The significance of such stimuli in providing an acceptable environment for 
recreation is axiomatic, with the same general considerations holding forth as were 
discussed in the introduction to Experiment 111-1.8 1' 
The Experimental Source Reference is the AGC. The Measured Phenomena are 
the acceptabilities of various levels of the physical stimuli as a function of each 
artificial-g environment within a nominal range. Acceptability is to be determined 
entirely from subjects ' responses to questionnaires . Common-use equipment include 
the off -duty facilities, with provision given for controlling variations in the s timuli, 
including lighting and the effective acoustical and thermal environments. Major 
Instruments or Apparatus (experimen t-peculiar) a re  the subject questionnaires , 
The Subjectt s Pre-Test State and its EPO ratings are the same as for 
11-1. ll. The Test Subject's Activity consists of performing the prescribed off-duty 
activities, assisting in altering the environmental stimulus levels if required, and 
responding to the questionnaires. EPO ratings for this factor are the same as for 
111-6. ll. Each dayf s set of off-duty activities is considered a single repetition. 
The Total Time of the experiment and its EPO ratings are the same as for 11-1. ll. 
The Number of Data Points is 153: 27 from Phase II/III (9 rpm/g-level cnviron- 
ments, 1 day per environment, and - for this example - three stimulus modes ), 
and 126 from Phase IV (42 days at partial gravity, 3 stimulus modes). Assuming a 
total experimental time penalty of 8.5 hr. , the Time per  Data Point is 0. 055 hr. 
The Measurement Environment and its EPO ratings are the same as for Experiment 
III-1. 41. 
Experiment Objective Attainment EPO ratings are  the same as  for Experkment 
III-1. 61. Crew Time per Data Point is 0.055 hr. Equipment Weight and Volume per 
Experiment are not significant (NS). 
111-6. 41 Off-duty Equipment Design and Orientation - The Objective is to 
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determine the preferred design and orientation of off-duty eqhipment as  a function of 
the various artificial-g environments within a nominal range. 
The same environmental contingencies a re  of concern in this experiment as 
were discussed in the introduction to 111-1.4 , with the overall evaluation made somewhat 
1. 
more complex by the greater number and variety of activities involved in this experiment. 
The Experimental Source Reference is the AGC. The Measured Phenomena are  
the acceptabilities of the various designs and orientations of off-duty equipment as  a 
function of each of the artificial-g environments within the nominal range. Accept- 
ability is determined by using subjective and cinegraphic evaluations and time and 
.motion criteria. Common-use equipment includes the off-duty recreational equipment 
options and cinegraphic cameras. Major instruments or Apparatus (experiment- 
peculiar) a re  the specific questionnaires to be filled in by the subject. 
This experiment is to be conducted a t  the appropriate rpm/g-level environments 
during Phases I1 and 111. The Subject's Pre-Test State and its EPO ratings a re  the 
same as  for 11-1.1 The Test Subject's Activity consists of utilizing, maintaining, 1' 
and reconfiguring off-duty equipment and grading design and orientation subjectively . 
Three orientations of personnel will be used : tangential with and against rotation, 
and axial. EPO ratings for Test Subject's activity are the same as for 111-6.1 1' Each day's set  of off-duty activities in ccnsidered a repetition. Total Time for the 
Experiment and its EPO ratings a re  the same aa detailed for 111-1.1 The Number 1' 
of Data Points is 72 (9 rpm/g-level environments, 2 criteria, and, e. g., 4 activity 
modes). For the example given, the total experimental time penalty is 12 hours, for ' 
Time per Data Poifit of 0 .167  hr. The Measurement Environment and its EPO ratings 
a re  the same as  for 111-1.6 Crew Time per Data Point is 0 .167  hr. Equipment 1 ' Weight and Volume per Experiment a r e  not significant (NS) . 
111-6.5 Threshold-g for Off-Duty Activity Comfort - The Objective is to 1 determine the threshold g-levels required to provide minimal comfort for off-duty 
activities, within a nominal range of artificial gravity environments. 
The contingencies involved a re  the same as those discussed in the introduction 
to Experiment 111-1.4 1' 
The Experimental Source Reference is the AGC. The Measured Phenomenon is 
the level of off-duty activity comfort a s  a function of each of the artificial-g environ- 
ments within the nominal range. The comfort level is determined entirely on the 
basis of crew judgements as  evidenced by the responses to appropriate questionnaires. 
Common-use equipment include the off-duty equipment and facilities. Major Instru- 
ments or  Apparatus (experiment-peculiar) a re  the specific questionnaires to be filled 
in by the subject. 
This experiment is to be conducted a t  the appropriate rpm/g-level 
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environments during Phases II and III. The Subject's ~ ; e - ~ e s t  State and its EPO 
ratings are the same as for  11-1. ll. The Test Subject's Activity consists of per- 
forming the prescribed off-duty activities and making subjective evaluations of the 
comfort of performing each activity by responding to the questionnaire provided. The 
same three orientations of the subject relative to the orthogonal axes of the EPO 
will be used as in Experiment HI-6. 41, since they will be conducted simultaneously. 
EPO ratings for  Test Subject's Activity are the same as for 111-6. ll. Each day's 
set  of off-duty activities is considered a repetition. The Total Time for the experiment 
and its EPO ratings a re  the same as detailed for 111-1. ll. The Number of Data 
Points is 36 (9 rpm/g-level environments, 1 criterion, and, for this example,4 
activity modes). Assuming a total experimental time penalty of 6.0 hr. , the Time 
per Data Point is 0. 167 hr. The Measurement Environment and its EPO ratings 
are  the same as for Experiment 111-1. 41. 
Experi'ment Objective Attainment EPO ratings are  the same as for 111-1.4 1' Crew Time per Data Point is 0.167 hr  . Equipment Weight and Volume per Experl- 
~nent  a re  not significant (NS). 
111-7.0 Waste Managemert 
111-7. l1 Threshold* For Settling of Urine and Feces - The Objective is to 
determine the threshold-g for the settling of urine and feces within a nominal range 
of artif icial-g environments. 
The mechanics of waste settling are somewhat more complex than those in- 
volved in the settling of food solids (HI-1.3) and lavatory/shower sprays (111-4.1). 
The predominant force required for collection of urine and feces in the absence of' 
normogravity is the force required to detach the feces from the anal area and trans- 
f e r  it to the collection chamber. A force which will provide for fecal detachment 
should be adequate for  fecal transfer. The detachment force may vary considerably 
and is dependent not only on fecal consistency but also on completeness of sphincter 
muscle contraction. While data on fecal detachment force requirements are  essen- 
tially non-existent in the literature, an attempt was made at Convair to estimate the 
tensile strength of feces on an experimental basis. A number of samples of a canned 
dog food approximating feces in shape and consistence were tested to determine aver- 
age tensile strength. Water was added to some of the samples to vary the consistency 
and the samples evidencing the greatest cohesiveness were chosen as  representing 
the maximum detachment force requirement. The experimental data is  presented 
below. 
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BREAKING FORCE DIAMETER AT POINT TENSILE STRENGTH 
SAMPLE grams OF DETACHMENT - inch gm/in2 
1 36 1. 065 40.6 
2 2 9 0.797 45.7 
3 19.5 0.765 42.5 
4 16.5 0.668 47.2 
Utilizing an average of the experimentally determined tensile strengths, a 
range of detachment forces was computed. This range represents detachment force 
values for minimum through maximum sphincter muscle contraction or  closure. 
These detachment forces ranged from 1.36 grams to 12.45 grams. About 5 grams 
detachment force is required assuming a stool diameter midway between the maxi- 
mum and minimum at the breakaway point. To assure detachment and transfer of the 
feces, centrifugal force in excess of the detachment force must be generated. The 
centrifugal force exerted on a mass moving with uniform speed in a circle is given 
by the equation, f = 4n2 n2 rm, where n is angular speed in revolutions per second, 
r is the centrifuge radius from center of revolution to the seat bottom in inches, and 
m is the fecal mass in grams. 
The Experimental Source Reference is the AGC. The Measured Phenomenon 
is the rate of specimen settling through a calibrated vertical distance as measured 
by the dependent mass accumulation per unit time. Common-use equipment includes 
a restraint chair/work bench unit, a voice log, and cinegraphic cameras. Major 
Instruments o r  Apparatus (experiment-peculiar) include the settling rate device used 
in 111-1.3 with an attached extruder to simulate excretion. The specimens of simu- 
lated urine and feces are limited qualitatively to one each - the worst case of each 
as to adhesion, settling and collectibility. 
The Subject's Pre-Test State and EPO ratings are the same as for  111-1. 11, 
as are essentially the Subject's Activity and its ratings, Trials per re3etition are 
6 (2 specimens, three trials each). Total Time for the experiment and its EPO 
ratings are  the same as detailed for  III-1. ll. The Number of Data Points is 18 (2 
specimens, 9 rpm/g-level environments ). Total experimental time penalty is the 
same as for III-4. 11, giving a Time per Data Point of 0.5 hr. The Measurement 
Environment and its EPO ratings are  the same as for 111-3. ll. 
Experiment Objective Attainments EPO ratings are  the szme as for Experi- 
ment IIE1.l Crew Time per Data Po i2  is 0.5 hr. Weight per Experiment is 1' 10 Ibs. Volume per Experiment is 1.5 ft . 
111-7. l3 Threshold-g For Settling of Urine and Feces - The Experiment Source 
-
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Reference is GDC. The Objective of this experiment and a number of its definition 
and analysis aspects are  the same as for 111-7. ll. Only those factors that entail 
differences a re  considered here. The Subject's Pre-Test State and its E p o  ratings 
are  the same as for 111-1. 13. Total Time for the experiment is the same as for 
111-1. Z3, as is the repetitim Interval. Number of Data Points is 10 (5 rpm/g-level 
environments, 2 specimens). Time per Data Point is 0.35 4r. The Measurement 
Environment and its EPO ratings a re  the same as for 111-1. 33. Experiment Objec- 
tive Attainments E PO ratings a r e  the same as for 111-1.1 Crew Time per Data 3 ' 3 Point is 0.35 hr. Weight per experiment is 10 Ibs. Volume per experiment is 1.5ft . 
HI-7. Z1 Waste Collectors Design and Orientation - The Objective i s  to deter- 
mine the preferred design and orientation of the waste collectors as a function of the 
various artificial-genvironments within a nominal range. 
Although the same inertial contingencies pertain to this experiment as were 
discussed in the introduction to Experiment 111-1. 41, the relatively static characteris- 
tics of the acts of defecation and urination render them and the required collectors 
less sensitive to the artificial-g effects. The Experimental Source Reference 
is the AGC. The Measured Phenomena are the acceptabilities of the various collector 
designs and orientations as determined from subjective, cinegraphic and time and 
motion cr i ter ia  Common-use equipment includes the collector options, voice logs, 
and cinegraphic camera  Major Instruments o r  Apparatus (experiment-peculiar) are 
the subject questionnaires. 
The Subject's Pre-Test State and its EPO ratings are  the same as for 
11-1. 11, The Test Subjectf s Activity consists of using the prescribed collector 
options and orientations for urination and defecation and responding to the appro- 
priate questionnaires. EPO ratings for this factor are the same as for 111-1.41. 
Each dayf s usage is considered a single repetition.. The Total Time of the experi- 
ment and its EPO ratings a re  the same as for 11-1. ll. The Number of Data Points 
is 204: 36 from Phase II/III (9 rpm/g-level environments, 2 activities, 2 criteria - 
design and orientation) and 168 from Phase IV (42 days at partial gravity, 2 criteria, 
2 activities). Assuming a total experimental time penalty of 34.0 h r  . , the Time per 
Data Point is 0.167 hr. The Measurement Environment and its EPO ratings are 
the same as for Experiment 111-1. 41. 
Experiment Objective Attainment EPO ratings a re  the sxme as for Experiment 
111-1. 61. Crew Time per Data Point is 0.167 hr. Weight and Volume per Experi- 
ment are  not significant (NS). 
111-7. Z3 Waste Collectors Design and Orient ation - The Experiment Source 
-
Reference is GDC. The Objective of this experiment and a number of its definition 
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and analysis aspects a re  the same as for  111-7. 21. Only those factors that entail 
differences a re  considered here. 
Essentially, this experiment differs from 111-7. 21 as 11-1.1 differs from 3 
11-1. ll. The Subject's Pre-Test State and its EPO ratings a re  the same as for 
II-1.1 . The Test Subject's Activity is completely analogous to 11-3. 13, combining 
the hagituation headturn sequence and the 111-7. 2l functions into a shortened Total 
Time profile. EPO ratings for this factor are the same as for 111-1. 43. 
The Total Time for this experiment and its EPO ratings a r e  the same as for 11-3.1 . 
The repetition intervals a r e  4 hrs. to 16 hrs. All voiding of wastes a t  a given rpm/g-leve 
environment is considered a single repetition. The number of Data Points is 20 (5 rpm/ 
1 
g-level environments, 2 criteria, and 2 activities). Based on a 20-hr. total experi- 
mental time penalty, the Time per Data Point is 1.0 hr. The Measurement Environ- 
ment and its EPO ratings a r e  the same a s  for 111-1.4 Experiment Objective 3' Attainment E PO ratings are  the same as  for 111-1.5 Crew Time par Data Point is 3 ' 1.0 hr . Equipment Weight and Volume per Experiment a re  3 lbs. and 1.1 ft3, respectively. 
111-7. 31 Threshold-g For Use of Conventional Waste Collectors - TheObjec- 
tive is to determine the threshold- for using conventional waste collectors within a 
nominal range of artificial gravity environments. 
P '  
This experiment is based on the premise that optimal habitability relative to 
the voiding of wastes can only be achieved through the use of collectors very similar 
to those in conventional ground use. As shch, the subjective assay of what is an 
acceptable g-level for their use can only be accomplished in a spacebased laboratory, 
The Experimental Source Reference is the AGC. The Measured Phenomenon 
is the level of acceptability of using conventional waste collectors a t  each of the 
artificial-g environments within the nominal range. The acceptability index is based 
upon a composite of subjective, cinegraphic and time and motion evaluations. 
Common-use equipment include conventional waste collectors, and cinegraphic 
cameras. Major Instruments or  Apparatus (experiment-peculiar) a re  the specific 
questionnaires to be filled in by the subject. 
This experiment is to be conducted at the appropriate rpm/g-level environ- 
ments during Phases I1 ahd 111. The Subject s Pre-Test State and its EPO ratings 
a re  the same as fo r  11-1. ll. The Test Subjectf s Activity consists of using the con- 
ventional waste collectorb and making subjective evaluations of their acceptability at 
each g-level. The same three orientations of subject relative to the orthogonal axes 
of the EPO will be used as in Experiment 111~-7. Z1 since they will be conducted 
simultaneously. EPO ratings for Test Subject's Activity are the same a s  for 
111-1. 41. Each day' s us Age of the waste collectors is considered a single repetition. 
,. - 
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Total Time for the Experiment and its EPO . ratings are the same as detailed for 
111-1. ll. The Number of Data Points is 18 (9 rpm/g-level environments, 2 functions 
o r  activities). Assuming the only experimental time penealty to be a 10-minute ques- 
tionnaire response per activity per repetition, the total experimental time penalty 
is 3.0 hr. This gives a Time per Data Point of 0.167 hr. The Measurement Environ- 
ment and its EPO ratings a re  the same as for Experiment 111-1. 41. 
Experiment Objective Attainment EPO ratings a re  the same a s  for 111-1.1 15 ' Crew Time per Data Point is 0.167 hr. Equipment Weight and Volume per Experi- 
ment a re  not significant (NS). 
111-7. 33 Thresholds For Use of Conventional Waste Collectors - The Experi- 
ment Source Reference is GDC. The Objective of this experiment and a number of its 
definition and analysis aspects are the same as for 111-7. 31. Only those factors that 
entail differences are  considered here. 
Essentially, this experiment differs from 111-7. 31 as 11-1. l3 differs from 
11-1. ll. The Subject's Pre-Test State and its EPO ratings are the same as for 
11-1. 13. The Test Subjectf s Activity is completely analogous to 11-3. 13, combining 
the habituation headturn sequence and the 111-7. 31 waste collector evaluation task into 
a shortened Total Time profile. EPO ratings for this factor are  the same as for 
111-1. 43. 
The Total Time for this experiment and its EPO ratings a re  the same a s  for 
11-3.1 The repetition Intervals a re  4 hrs to 16 hrs. Number of Data Points is 10 3 ' (5 rpm/g-level environments, 2 functions). Based on a 20-hour total experimental 
time penalty, Time per Data Point is 2.0 hrs. The Measurement Environment andits 
EPO ratings a r e  the same a s  for 111-1.4 Experiment Objective Attainment EPO 3 ' 
ratings a re  the same as  for 111-1.5 Crew Time per Data Po' t is 2.0 hrs. Equipment 3 Y Weight and Volume per Experkment a r e  3.0 lbs. and 1.1 ft , respectively. 
111-7. 41 Overall Waste Management Area Configuration - The Objective is to 
determine the preferred architectural configuration of the waste managemmt area as 
a function of each inertial environment within a nominal range of artificial gravity. 
This experiment considers the various aspects of compartment configuration 
discussed in the introduction to Experiment 111-1.6 Area configuration is an ecolog- 1' ical problem that can be resolved only on the basis of long-duration evaluation 
The Experimental Source Reference is the AGC. The Measured Phenomena a re  
the acceptabilities of the various area configurations as determined by subjective, cine- 
graphic, and time and motion criteria. Common-use equipment include reconfigur- 
able architectural components, the waste management facilities and cinegraphic 
cameras. Major Instruments or  Apparatus (expei-iment-peculiar) are the subject 
questionnaires. 
This experiment is to be conducted at the appropriate rpm/g-level environ- 
ments during AGC Phases 11, 111, and IV. The Subject's Pre-Test State and its EPO 
ratings are  the same as for 11-1. ll. The Test Subject s Activity consists of utilizing 
and maintaining the waste management facilities , reconfiguring architectural com- 
ponents when required, and responding to the provided questionnaires. EPO ratings 
for this factor are the same as for 111-1. 41. Each day1 s usage of the areas is con- 
sidered a single experimental repetition. The Total Time of the experiment and its 
EPO ratings are the same as for 11-1. ll. The Number of Data Points is 51: 9 
from Phase II/III (9 rpm/g-level environments, one integrated daily assessment ) and 
42 from Phase IV (42 days at partial gravity, one integrated daily assessment.) 
Assuming an experimental time penalty of 10 minutes per repetition,. the Time per 
Data Point is 0.167 hr. The Measurement Environment and its EPO ratings are  
the same as for Experiment 111-1.41. 
Experiment Objective Attainment EPO ratings a r e  the same as for 111-1.6 
I* Crew Time per Data Point is 0.167 hr. Equipment Weight and Volume per Experl- 
ment are  not significant (NS) . 
111-7.5 Co-location of Waste Management Area - The Objective is to deter- 
-1 
mine the preferred location of the waste management areas relative to the other com- 
partments and stations, as a function of the artificial-g environments within a nominal 
range. 
This experiment bears the same relationship to 111-7. 41 as 111-1. V1 does to 
111-1. 61 in that it considers the location of the waste management areas to other com- 
partments and stations as judged by subjective, cinegraphic, and time and motion cri- 
teria. This involves contingencies not unlike those pertinent in co-locating grovnd- 
based waste management areas and, as such, this experiment shares some common- 
alities with 111-7.61. The problem of co-location convenience is an ecological one, 
requiring prolonged exposure for evaluation. 
The Experimental Source Reference is the AGC. The Measured Phenomenon 
is the co-location convenience of the waste management, areas as determined by sub- 
jective, cinegraphic, and time and motion criteria. Common-use equipment includes 
translocatable waste management facilities and cinegraphic cameras. Major Instru- 
ments o r  Apparatus (experiment-peculiar) are  the subject questionnaires, 
The Subject's Pre-Test State and its EPO ratings are the same as for 
11-1. ll. The Test Subject's Activity consists of performing the converitional activities 
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associated with the waste management area, assisting in translocating its facilities 
if required, and responding to the questionnaires. EPO ratings for this factor 
are the same as for  111-1.7 Each day s usage of the areas is considered one ex- 
perimental repetition., The Total Time of the experiment and its EPO ratings are 
the same as for 11-1. ll. The number of Data Points is 51: 9 from Phase II/III ( 9  rpm/ 
g-level environments, overall assessment per day) and 42 from Phase IV (42 days 
at partial gravity, overall assess.ment per day). Assuming an experimental time 
penalty 10 minutes per repetition, the Time per Data Point is 0.167 hr. The 
Measurement Environment and its EPO ratings a re  the same as for Experiment 
IE-l.4i. 
Experiment Objective Attainment EPO ratings are  the same as for 111-1.7 1' Crew Time per Data Point is 0.16 7 hr  . Equipment Weight and Volume per Experl- 
.merit a r e  not significant (NS) . 
III-7.61 Acceptability of Temperature, Noise, Lighting, etc. - The Objective 
is to determine the acceptabilities of various levels of rotationally-unrelated physical 
stimuli (temperature, noise, lighting, etc. ) in the waste management areas through- 
out a nominal range of artif icialg environments. 
The significance of these various physical factors in the provision of an 
acceptable waste management area environment are  not as apparent as in similar 
evaluations of, for example, sleep, recreational and work areas. However, a devel- 
opment of comprehensive habitability design criteria requires that all crew spaces be 
considered relative to these aspects. The Experimental Source Reference is the AGC. 
The Measured Phenomena are the acceptabilities of various levels of the physical 
stimuli as a function of each artificial-g environment within a nominal range. Accept- 
ability is to be determined entirely from subject's responses to questionnaires. 
Common-use equipment includes the waste management facilities and equipment, 
with provision for controlling variations in the levels of the various stimuli, includ- 
ing lighting and the effective acoustical and thermal environments. Major Instruments 
or  Apparatus (experiment-peculiar) are the subject questionnaires. 
The Subject1 s Pre-Test State and its EPO ratings are the same as for  
11-1. ll. The Test Subjectf s Activity consists of performing conventional activities 
associated with the waste management areas, assisting in altering the environmental 
inputs if required, and responding to the questionnaires. EPO ratings for  this 
factor are the same as for 111-1. 41. Each dayf s usage of the areas is considered a 
single repetition. The Total Time of the experiment and its EPO ratings are the 
same as for 11-1. ll. The Number of Data Points is 153: 27 from Phase II/III (9 rpm/ 
g-level environments, and - for this example - 3 stimulus modes) and 126 from 
Phase IV (42 days at partial gravity, 3 stimulus modes). Assuming a total experimental 
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time penalty of 8.5 hr., the Time per Data point is 0.055 lir. i'he Measurement 
Environment and its EPO ratings a re  the same a s  for Experiment III-1.4 
1. 
Experiment Objective Attainment EPO ratings a re  the same as for Experi- 
ment 111-1.6 Crew Time per Data Point is 0.055 hr. Equipment Weight and 
Volume per k' xperiment a re  not significant (NS). 
111-8.0 Stowage Concepts 
111-8. l1 Ease of Stowage - The Objective is to determine the ease of stowage as 
a function of the various environments conetituting a nominal range of artificial-g . 
This is a Type I experiment involving an overall evaluation of item stow- 
age as affected by the various inertial environments, A s  such, the considerations 
a re  analogous to those required for previously discussed convenience and efficiency 
assays, e. g. , Experiment ID-1.9 on Food Preparation and 111-3.2 on Housekeeping. 1 1 A s  in those experiments, the evaluation requires a long-duration trade-off of nuisance 
versus convenience. 
The Experimental Source Reference is the AGC. The Measured Phenomena 
are  the convenience and efficiency of stowage as  determined by subjective, cine- 
graphic, and time and motion criteria. Common-use equipment includes stowage 
facilities and cinegraphic cameras. Major Instruments or Apparatus (experiment- 
peculiar) include the subject questionnaires. 
The Subject's Pre-Test State and its EPO ratings a re  the same as for 
11-1.1 . The Test Subject's Activity consists of performing required stowage tasks, 
reconhguring stowage aids when necessary, and responding to questionnaires. EPO 
ratings for this factor a re  the same a s  for III-1.4 Each day's group of stowage 1' 
operations is considered a repetition. The Total Time of the experiment and its 
EPO ratings a re  the same a s  for 11-1.1 Each repetition provides a single data 
point, for a total of 51: 9 from Phase 16111 and 42 from Pbase N. Based on an 
estimated total experimental time penalty of 8.5 hrs., the Time per Data Point is 
0.167 hr. The Measurement Environment and its EPO ratings a re  the same as  for 
Experiment 111-1.4 1' 
Experiment Objective Attainments for the various EPOs a re  the same as for 
Experiment III-1.6 Crew Time per Data Point is 0.167 hr. Equipment Weight 
1 
and Volume per Experiment a re  not significant (NS). 
III-8.2 Frictional Requirements for Stowage as a Function of g-Level - 1 The Objective is to determine the frictional requirements for maintaining stowed 
items static as a function of the various g-levels included in a nominal range of 
artificial gravity. 
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ln contrast to Experiment III-1.1 which is cone-erned with the threshold-g 1' 
required for stable object implacement over a range of imposed static and dynamic 
imbalances, this experiment is designed to demonstrate the frictional requirements 
for nominal stowage stability as a function of each g-level within a nominal range of 
artificial-g. By determining the static friction forces required for immobility of 
known masses exposed to known static imbalances and comparing these with ground- 
based values, frictional requirements for stowage stability can be predicted and 
designed into containers and supports. 
The Experimental Source Reference is the AGC. The Measured Phenomena 
are the static friction forces required to prevent sliding of known masses when the 
latter a re  exposed to lateral static loading at  each of the g-levels within a nominal 
range of artificial gravity. The static friction force is determined by incrementally 
tilting a calibrated inclined plane supporting the known mass until the static friction 
force is exceeded and the mass begins to slide. Common-use equipment includes a 
recorder of analog data, and cinegraphic cameras and a voice log to record ancillary 
information. Major Instruments or Apparatus (experiment-peculiar) include the test 
objects and frictional surfaces, and the inclined plane device. 
The Subject's Pre-Test St;te and EPO ratings are  the same as  for TiI-1.1 
The Subject's Activity for each repetition. consists of determining the maximum 1' 
static friction force for each of four test objects for each of four frictional co- 
efficients at each g-level. 
The testing performed at  each rpm/g-level is considered one repetition, 
giving an Interval of 24.0 hours. The Number of Data Points is 144: 9 rpm/g-level 
environments, 4 test objects, 4 frictional coefficients, 1 test criterion). The total 
experimental time penalty is 4.5 hours, for a Time per Data Point of 0.031 hr . 
The Measurement Environment and its EPO ratings are  the same as for 111-1.3 
1' 
Experiment Objective Attainment EPO ratings are the sxne  as for Experi- 
ment 111-1.1 Crew Ttme per Data Point is 0.031 hr. Weight per Experhent 3 is 10 lbs . Vhime per Experiment is 0.6ft . 
III-8.2 Frictional Requirements for Stowage as  a Function of g Level - 
-
The ~ x ~ e r i m e z t  Source Reference is GDC. The Objective of this experiment and a 
number of its definition and analysis aspects a re  the same as for III-8.2 Only 
those factors that entail differences a re  considered here. 1' 
Subject's Pre-Test State and its EPO ratings are  the same as  for Dl-1. 13. 
Total Time for the experiment is 5.5 hr, Number of Data Points is 160: 10 rpm/g- 
level environments, 4 test objects, 4 frictional coefficients, 1 test criterion. 
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Time per Data Point is 0.034 hr. The Measurement Environment and its E_PO 
ratings a re  the same as  for III-1.3 Experiment Objective Attainment EPO ratings a re  3' the same as  for 111-1.1 Crew Time per Data oint is 0.034 hr. Equipment weight P 
and volume are, respe&vely , 10 lb. and 0.6 ft . 
m-9.0 Furniture and Accommodations 
m-9.1 Frictional Requirements for Stable Furniture Emplacement - 1 The Objective is to determine the frictional requirements for maintdning furniture 
in stable emplacement as  a function of the various inertial environments within a 
nominal range of artificial gravity. 
This experiment is analogous to 111-8.2 in that the static friction forces 
1 
adequate to keep objects immobile under nominal lateral loading must be determined. 
Once the necessary static friction forces for maintaining furniture static under 
groundbased use have been determined and quantified, the requirements for com- 
parable stability under reduced gravity circumstances a re  predicted and a physical 
experiment used to verify the validity of the prediction in the space environment. 
The Experimental Source Reference is the AGC. The Measured Phenomena 
are  the static friction forces .reauired to prevent sliding of known masses when the 
latter a re  exposed to lateral static loading at  each of the g-levels within a nominal 
range of artificial gravity. A l l  definition and analysis aspects of this experiment 
are  identical to III-8.2 and will not be reiterated here. 1 
III-9.1 Frictional Requirements for Stable Furniture Emplacement - The 
-3 Experiment Source Reference is GDC. The Objective of this experiment is identical 
to that of Ill-9. ll. Its other definition and analysis aspects a re  identical to  those 
of III-8. Z3. 
III-9.2 Furniture Design and Orientation - The Objective is to determine the 
-1 preferred design and orientation of the various furniture requirements as a function 
of the various artificial-g environments within a nominal range. 
The same inertial contingencies apply in this experiment as  were discussed 
in the introduction to Experiment 111-1.4 1' 
The Experimental Source Reference is the AGC. The Measured Phenomena 
are  the acceptabilities of the various furniture designs and orientations as  determined 
from subjective, cinegraphic and time and motion criteria. Common-use equipment 
include the furniture options, voice logs, and cinegraphic cameras. Major Ins tru- 
ments o r  Apparatus (experiment-peculiar) a re  the subject questionnaires. 
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The Subject's Pre-Test State and its EPO ratings are  the same as for 
11-1.1 The Test Subject's Activity consists of using the prescribed furniture 1' 
options and orientations and responding to the appropriate questionnaires. EPO 
ratings for this factor a re  the same as  for III-1.4 Each day's usage is considered 1' 
a single experimental repetition. The Total Time of the experiment and its E PO 
ratings are  the same as for 11-1.1 . The Number of Data Points is 204 per furniture 
item: 36 from Phase II/III (9 rpmjg-level environments, 2 candidate designs, 2 
orientations) and 168 from Phase IV (42 days at partial gravity, 2 design options, 
2 orientations). Assuming a total experimental time penalty of 34 hr., the Time per 
Data Point is 0.167 hr. The Measurement Environment and its E PO ratings are  
the same as for Experiment 111-1.4 1. 
Experiment Objective Attainment E PO ratings are  the same as  the Experiment 
III-1.6 Crew Time per Data Point is 0.167 hr. Weight and Volume per Experiment 1' 
are not significant (NS). 
111-9 2 Furniture Design and Orientation - The Experiment Source Fkference 
is GDC.Th;-abjective of this experiment and a a m b e r  of its definition and analysis 
aspects are  the same as  for III-9.2 Only those factors that entail differences are  
considered here. 1- 
Essentially, this experiment differs from III-9.2 as  II-1.1 differs from 3 11-1. ll. The Subject's Pre-Test State and its EPO ra&ngs are the same as for 
11-1.1 . The Test Subject's Activity is completely analogous to II-3.1 , combining 
the hagituation headturn sequence and the III-9.2 functions into a shoaened Total 1 Time Profile. EPO ratings for this factor are  the same as for III-1.4 3' 
The Total Time for this experiment and its EPO ratings are  the same as  for 
11-3.1 The repetition Intervals range from 2 hours to 12 hours. All usage of 3 ' furniture items a t  a given rpm/g-level environment is considered a single repetition. 
The Number of Data Points per furniture item is 20: 5 rpm/g-level environments, 2 
Design options, 2 orientations. Based on a 20 hr. total experimental time penalty, 
the Time per Data Point is 1 . 0  hr. The Measurement Environment and its EPO ratings 
are  the same as  for 111-1.4 Experiment Objective Atfainment EPO ratings a re  the 3' 
same as for 111-1.9 Crew Ti'me per Data oint is 1 . 0  hr . Equipment Weight and 3 ' P Volume per Experiment a re  3 lbs. and 1 . 1  ft . respectively. 
El-9.3 Threshold-g or Use of Conventional Furniture - The Objective is li to determine t e thresholds for using conventional furniture within a nominal range 
of artificial gravity environments. 
VOL I1 
This experiment is based on the premise that optimal habitability relative to 
furniture usage can only be achieved through the use of items very similar to those in 
conventional ground use. As such, the assay of what is an acceptable g-level for their 
use can only be accomplished in a spacebased laboratory. 
The Experimental Source Reference is the AGC. The Measured Phenomenon is 
the level of acceptability of using conventional furniture items at each of the artificial-g 
environments within the nominal range. The acceptability index is based upon a com- 
posite of subjective, cinegraphic and time and motion evaluations. Common-use equip- 
ment includes conventional furniture items, and cinegraphic cameras. Major Instru- 
malts o r  Apparatus (experiment-peculiar) a re  the specific questionnaires to be filled 
in by the Subject. 
This experiment is to be conducted at  the appropriate rpm/g-level environments 
during Phases I1 and III. The Subject's Pre-Test State and its EPO ratings a r e  the 
same as  for 11-1. ll. The Test Subject's Activity consists of using the conventional 
furnishings and making subjective evaluations of their acceptability at each g-level. 
EPO ratings for Test Subject's Activity a re  the same as  for III-1.41. Each 
day's usage of the furnishings is considered a single repetition. The total Time for the 
Experiment and its EPO ratings are  the same as detailed for 111-1. ll. Assuming the 
only time penalty to be a 10-minute questionnaire response per orientation, the total 
experimental time penalty is 4.5 hours. This gives a Time per Data Point of 0.167 
hour. The Measurement Environment and its EPO ratings are  the same a s  for Experi- 
ment III-1. 41. 
Experiment Objective Attainment EPO ratings a re  the same as  for 111-1. ll. 
Crew Time per Data Point is 0.167 hour. Equipment Weight and Volume per Experi- 
ment a re  not significant (NS) . 
111-9. 33 Threshold-g for Use of Conventional Furniture - The Experiment 
Source Reference is GDC. The Objective of this experiment and a number of its 
definition and analysis aspects a re  the same as  for 111-9. 31. Only those factors that 
entail differences a re  considered here. 
Essentially, this experiment differs from 111-9.31 as  11-1. l3 differs from 
11-l.ll. The Subject's Pre-Test State and its EPO ratings a re  the same as for Ii-l.13. 
The Test Subject's Activity is completely analogous to 11-3. 13, combining the habitua- 
tion headturn sequence and the 111-9. 31 tasks into a shortened Total Time profile. 
EPO ratings for this factor a r e  the same as  for IIt-1.43. 
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The Total Time for this experiment and its EPO ratings are  the same as  for 
11-3. 13. The repetition intervals range from % hours to 12 hours, .the furniture 
usage at each rpm/g-level constituting a single repetition. Number of Data Points is 
30 (5 rpm/g-level environments, 3 orientations, and 2 options per furniture item). 
Based on a 20-hour total experimental time penalty, Time per Data Point is 0.67 hour. 
The Measurement Environment and its EPO ratings are  the same as f o r  111-1. 53. Crew 
Time per Data Point is 0.67 hour. Equipment Weight and Volume per Experiment a re  
3.0 lb. and l..l ft3. 
11-9. 41 Acceptability of Furniture Collective Arrangements - The Objective 
is to determine the preferred collective furniture arrangements as a function of each 
inertial environment within a nominal range of artificial gravity. 
This experiment represents an ecological problem that can only be resolved on 
the basis of long-duration evaluation. It considers furniture not as  an independent 
item but rather in its functional interdependence with other furnishings. 
The Experimental Source Reference is the AGC. The Measured Phenomena are  
the acceptabilities of various collective furniture arrangements as  determined by sub- 
jective, cinegraphic, and time and motion criteria. Common-use equipment includes 
the furnishings, and cinegraphic cameras. Major Instruments o r  Apparatus (experi- 
ment-peculiar) are  the Subject questionnaires. 
This experiment is to be conducted at the appropriate rpm/g-level environments 
during AGC Phases 11, 111, and IV. The Subject's Pre-Test State and its EPO ratings 
are  the same as for 11-1. ll. The Test Subject's Activity consists of using and re- 
arranging furniture groups and responding to the provided questionnaires. EPO 
ratings for this factor a re  the same as  for 111-6. ll. Each day's usage of the furnish- 
ings is considered a single experimental repetition. The Total Time of the experiment 
and its EPO ratings are  the same as  for 11-1. ll. The Number of Data Points is 51: 
9 from Phases II/III (9 rpm/g-level environments, one integrated assessment per day) 
and 42 from Phase IV (42 days at partial gravity, 1 integrated assessment per day). 
Assuming an experimental time penalty of 10 minutes per repetition, the Time per 
Data Point is 0.167 hour. The Measurement Environment and its EPO ratings are  the 
same as  for Experiment 111-1. 4t1. 
Experiment Objective Attainment EPO ratings are  the same as  for III-l.61. 
Crew Time per Data Point is 0.167 hour. Equipment Weight and Volume per Experi- 
ment a re  not significant (NS) . 
111-10.0 Environmental Control System 
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Ill- lo.  ll Threshold-g for Conventional Gas/Liquid Separation - The Objective 
is to determine the effectiveness of conventional gas/liquid separation as  a function 
of each g-level throughout a nominal range of artificial gravity. 
Conventional separation method is considered a gravity-dependent trap into 
which liquid settles from the carrier gas stream (or impinges on a container surface 
due to the velocity of the stream) and is retained in the reservoir, with the gas 
stream continuing on. Cohesive forces tend to keep agglomerated masses of water 
together and adhesive forces tend to keep these masses attached to the surfaces they 
contact. In a reservoir, the adhesive forces per unit of mass are  likely to be ex- 
tremely small, requiring a gravitational force to stabilize the liquid in the face of 
disturbing forces such as  stream flow, vibration or impact. The use of conventional 
methods of gas/liquid separation in space requires that the minimum g-level that will 
support such separation be determined. 
The Experimental Source Reference is the AGC. The Measured Phenomenon 
is the effectiveness of gas/liquid separation by conventional methodology as a 
function of the environmental g-level. A liquid spray of known characteristics is 
injected into a ducted airstream, measurement of the downstream liquid separatorfs 
efficiency being correlated with g-level. A conventional water trap is compared 
with a porous-plate type, the lat@r being Less; g-sensitive. The stream flow orienta- 
tion should be parallel to  the &is of rotation but radius of rotation is not critical if  
trap depth is limited, Common-use equipment includes a recorder of analog data, 
and a voice log to record ancillary information. Major Instruments o r  Apparatus 
(experiment-peculiar) include the test separation system. 
The Subject's Pre-Test Sate and EPO ratings are the same as  for 111-1. 11, as 
are essentially the Subject's Activity and its ratings. Trials per repetition are 18 
(3 stream velocities, 2 separator options, 3 trials for each determination). The Total 
Time for the experiment and its EPO ratings are the same as detailed for 111-1. ll. 
The Number of Data Points is 54 (3 stream velocities, 2 separators, 9 rpm/g-level 
environments). Total Experimental time penalty is 13.5 hours (1.5 burs per rpm/ 
g-level repetition, 9 rpm/g-level environments), giving a Time per Data Point of 
0.25 hour. The Measurement Environment and its EPO ratings are the same as for 
111-1, 31. 
Experiment Objective Attainment EPO ratings are the same as for Experiment 
111-1. ll. Crew Time per Data Point is 0.25 hour. Weight per Experiment is 12 lb. 
Volume per Experiment is 0.5 ft3. 
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1 - 1 0  l Threshold-g for Conventional Gas/Liquid Separation - The Experi- 
ment Source Reference is GDC. The Objective of this experiment and a number of 
its definition and analysis aspects are the same as for 111-10. ll. Only those factors 
that entail differences are considered here. The Subject's Pre-Test State and its EPO 
ratings are the same as for 111-1. 13. The Total Time for the experiment is 16 hours. 
Repetition Interval is 1.5 hours (18 trials as in 111-10. 11, 5 minutes per trial). Num- 
ber of Data Points is 60 (3 velocities, 2 separators, 10 rpm/g-level environments). 
Time per Data Point is 0.27 hour. The Measurement Environment and its EPO ratings 
are the same as for 111-1. 33. Experiment Objective Attainment EPO ratings are the 
same as for 111-1. 13. Crew Time per Data Point is 0.27 hour. Weight per experiment 
is 12 lb. Volume per Experiment is 0.5 ft3. 
III-10.21 Threshold-g for Use of Conventional Liquid Pumping - The Objective 
is to determine the effectiveness of conventional liquid bumping as  a function of each 
g-level throughout a nominal range of artificial gravity. 
In a closed and filled water circulating system, a water pump should be in- 
sensitive to g level. The pump acts only against friction head and should have less 
opportunity to cavitate because the total system is filled with water. In emptying a 
reservoir, however, the pump inlbl is trying to create a cavity in the vicinity of the 
reservoir outlet. Water normally flows gravitationally from the surrounding region 
to f i l l  the cavity. A t  a given rate of water removal and a given g-level, as  h head 
of water above the outlet decreases, a point will finally be reached where the cavity- 
filling rate is less than the removal rate and the pump will begin to vaporize the - 
fluid even though the general level of the water may be appreciably above the outlet 
face. A s  the g-level is reduced the differential head a t  which this phenomenon occurs 
will become progressively greater until at zero g the cavity filling becomes dependent 
on the random liquid and gas pressure and convection forces. 
The spacebased experiment will consist of a pump drawing from and dis- 
charging into the same reservoir so that the quantity of water in t5e reservoir re- 
mains constant. At a given circulation rate and g-level the pump inlet tube is slowly 
raised until the first gas bubbles appear on the suction side, at which point the liquid 
head at  inlet is noted. This procedure is repeated at different flow rates, and inlet 
configurations, and g-levels. System orientation and centrifuge radius should not be 
critical for radii 2 4 ft. 
The Experimental Source Reference is the AGC. The Measured Phenomenon 
is the effectiveness of pumping as  a function of the environmental g-level. Common- 
use equipment includes a recorder of analog data, and a voice log to record ancillary 
information. Major Instruments or Apparatus (experiment-peculiar) include the test 
pumping system. 
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The Subject's Pre-Test State and EPO ratings a re  the same as for 111-1. 11, 
as are  essentially the Subject's Activity and its ratings. Trials per repetition are  
18 (2 inlet configurations, 3 flow rates, 3 trials for each determination). The Total 
Time for the experiment and its EPO ratings are  the same as detailed for 111-1. ll. 
The Number of Data Points is 54 (3 flow rates, 2 inlet configurations, 9 rpm/g-level 
environments). Total Experimental time penalty is 13.5 hours (1.5 hours per rpm/ 
g-level repetition, 9 rpm/g-level environments), giving a Time per Data Point of 
0.25 hour. The Measurement Environment and its EPO ratings are  the same as  for 
111-1. 31. 
Experiment Objective Attainment EPO ratings are the same as for Experiment 
111-1.1 Crew Time per Data Point is 0.2-5 hour. Weight per Experiment is 9 lb. 1' 
Volume per Experiment is 0.5 ft3. 
111-10. B3 Threshold-g for Use of Conventional Liquid Pumping- The Experi- 
ment Source Reference is GDC. The Objective of this experiment and a number of 
its definition and analysis aspects are  the same as  for 111-10.2. Only those factors 
that entail differences are  considered here. The Subject's Pre-Test State and its EPO 
ratings a re  the same as for 111-1. 13. Total Time, repetition interval, Number of 
Data Points, and Time per Data Point f r r  this experiment are  the same as  for 111-10. 13. 
The Measurement Environment and its EPO ratings a r e  the same as  for III-1. 33. 
Experiment Objective Attainment EPO ratings are  the same as for 111-1. 13. Crew 
Time per Data Point is 0.27 hour. Weight and Volume per experiment a re  9 1b. and 
0.5 ft3. 
111-10. 31 Threshold-g for Use of Convectional Heat Transfer - The Objective 
is to determine the effectiveness of convectional heat transfer as a function of each 
g-level throughout a nominal range of artificial gravity. 
Convectional heat transfer, all other factors held constant, is a direct function 
of gravity. By enclosing fluids in a double-walled chamber providing r constant rate 
of peripheral heat transfer and containing a thermal conductivity detector, the relative 
effectiveness of convectional heat transfer can be determined as a function of g-level. 
At  least two fluids - a liquid and a gas - should be tested using this system. 
The Experimental Source Reference is the AGC. The Measured Phenomenon 
is the effectiveness of convectional heat transfer as a function of the environmental 
g-level. Common-use equipment includes a recorder of analog data, and a voice log 
for recording ancillary information. Major Instruments o r  Apparatus (experiment- 
peculiar) include the test heat-transfer system. 
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The bbbjectls Pre-Test State and EPO ratings a re  the same a s  for 111-l.ll, a s  
a re  essentially the Subject's Activity and its ratings. Trials per repetition a re  6 (2 
fluids, 3 trials per determination). The Total Time for the experiment and its EPO 
ratings a re  the same as  detailed for 111-1. ll. The Number of Data Points is 18 (2 
fluids, repetitions to each of 9 rpm/g-level environments). Total Experimental time 
penalty is 6.75 hours for a Time per Data Point of 0.38 hour. The Measurement 
Environment and its EPO ratings a r e  the same as  for III-1.31. 
Experiment Objective Attainment EPO ratings a re  the same a s  for Experiment 
111-1. ll. Crew Time per Data Point is 0.38 hour. Weight per Experiment is 10 lb. 
Volume per Experiment is 0.7 ft3, 
In-10. 33 Threshold-g for Use of Convectional Heat Transfer - The Experiment 
Source Reference is GDC . The Objective of this experiment and number of its defini- 
tion and analysis aspects are  the same as for III-10.31. Only those factors that entail 
differences a re  considered here. The Subject's Pre-Test State and its EPO ratings 
a re  the same a s  for III-1. 13. The Total Time for the experiment is 8.0 hours. 
Repetition Interval is 0.75 hour. Number of Data Points is 20 (10 rpm/g-level environ- 
ments, 2 fluids). Time per Data Point is 0.40 hour. The Measurement Environment 
and its EPO ratings a re  the same as  for 111-1. S3. Experiment Objective Attainment 
EPO ratings a r e  the same as for KC-1. 13. Crew Time per Data Point is 0.40 hour. 
Weight and Volume per Experiment a r e  10 lb. and 0.7 ft3. 
111-10. 41 Comfort of Atmosphere - The Objective is to determine the comfort 
of the crew space atmospheres as  a function of the inertial environments making up a 
nominal range of artificial gravity. 
This experiment evaluates the atmospheric considerations involved in crew 
comfort: temperature, humidity, composition and ventilation. A s  such, it shares 
commonalities with Experiments a-1.8, 111- 5.3, 111-6.3, and 111-7.6. 
The Experimental Source Reference is the AGC. The Mwsured Phenomena 
are  the acceptabilities of atmospheres of various characteristics a s  a function of 
inertial environments and as determined by subjective responses to questionnairs. 
Common-use equipment includes a representative crew area with provision for con- 
trolling variations in the levels of the various atmospheric characteristics. Major 
Instruments o r  Apparatus (experiment-peculiar) a re  the Subject questionnaires. 
The Subject's Pre-Test State and its EPO ratings a re  the same as for 11-1.1 . 
The Test Subject's Activity consists of performing prescribed activities associate 
with the selected area,  assisting in altering the environmental inputs as 
if 
required, and responding to the questionnaires. EPO ratings for this factor a re  
the same as for 111-1.1 Each day's usage of the area is considered a single experi- 1' 
mental repetition. The Total Time of the experiment and its EPO ratings are the 
same as for 11-1. ll. The Number of Data Points is 51: 9 from Phases II/III 
(9 rpm/g-level environments, 1 integrated assessment per repetition) and 42 from 
Phase IV (42 days at partial gravity, one assessment per repetition). Assuming a 
total experimental time penalty of 10 minutes per repetition, the Time per Data Point 
is 0.16'7 hour. The Measurement Environment and its EPO ratings are the same as 
for Experiment III-1. 41. 
Experiment Objective Attainment EPC ratings are the same as for Experiment 
I11-1.61. Crew Time per Data Point is 0.167 hour. Equipment Weight and Volume 
per Experiment are not significant (NS). 
III-11.0 Displays and Controls 
III-11. l1 Orientation of Display/Control Stations - The Objective is to deter- 
mine the preferred orientation of display/control stations as a function of the various 
inertial environments within a nominal rmge of artificial-g. 
The Experimental Source Reference is the AGC. The Measured Phenomena are 
the acceptabilities of various display/control station orientations as determined by 
subjective and performance criteria. 
Major Instruments o r  Apparatus (experiment-peculiar) include the Subject 
questionnaires and the RATER previously described in Experiment 1-2.1. The 
Subject's Pre-Test State and its EPQ ratings are the same as for 11-1. l1. The Test 
Subject's Activity consists of performing the RATER task in all three orientations 
(two tangential, one axial) at each of the rprl/g-level environments and making sub- 
jective evaluations of the acceptabilities of the orientations by respondkg to the 
questionnaire. EPO ratings for this factor are  the same as for III-1. ll. Each day's 
testing at one rpm/g-level environment is considered a single repetition. The Total 
Time of the experiment and its EPO ratings are the same as for III-1. ll. Each 
repetition requires 40 minutes (15 minutes upset, 15 minutes test, 10 minutes clean- 
up). Testing consists of 3 sets of 10 trials each, one set in each of the three orienta- 
tions. Each trial lasts 15 seconds, and a five-second rest period between trials. 
Number of Data Points is 54 (9 rpm/g-level environments, 2 rating criteria - 
performance and subjective impression - 3 orientations). With a total experimental 
time penalty of 6 hours, Time per Data Point is 0.11 hour. The Measurement Environ- 
ment and its EPO ratings are the same as for Experiment III-1. 41. 
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Experiment Objective Attainment ratings are the same as for Experiment 
111-1.4 with the exception that EPOs 'b' and 'c' are rated-fair since testing can be 
performed at two radii for each rpm. Crew Time per Data Point is 0.22 hour. 
Equipment Weight and Volume are 4 lb . and 0.6 ft3. 
111-11. l3 Orientation of ~isplay/Control Station - The Experiment Source 
Reference is GDC. The Objective of this experiment and a number of its definition 
and analysis aspects are the same as for 111-11. ll. Only those factors that entail 
differences are considered here. 
Essentially, this experiment differs from lII-11. l1 as 11-1. l3 differs from 
11-I. ll. The Subject's Pre-Test State and its EPO ratings are the same as for 
11-1. 13. The Test Subject's Activity is completely analogous to 11-3. 13, combining 
the habituation headturn sequence and the 111-11. l1 RATER task into a shortened 
Total Time profile. EPO ratings for this factor are the same as for 111-1. ll. 
The Total Time for this experiment and its EPO ratings are the same as for 
11-3. 13. The repetition Intervals range from 2 hours to 16 hours, the RATER task 
at each rpm/g-level constituting one repetition. Number of Data Points is 30 (2 
rating criteria, 3 orientations, 5 rpm/g-levels). Based on a 20-hour total experi- 
mental time penalty, Time per Data Point is 0.67 hour. The Measurement Environ- 
ment and its EPO ratings are the same as for III-l.43. Experiment Objective Attain- 
ment EPO ratings are the same as for 111-1. 53. Crew Time per Data Point is 0.67 
3 hour. Equipment Weight and Volume per Experiment are 7 lb. and 1.7 ft . 
111-11. 21 Threshold-g for Comfort Required for ~isplay/Control Efficiency - 
The Objective is to determine display/control comfort and efficiency as a function of 
the g-levels within a nominal range of artificial gravity. 
The Experimental Source Reference is the AGC. The Measured Phenomena 
are the comfort and efficiency of display/control operation as a function of g-level 
as determined by task performance and subjective impression. Major Instruments 
or  Apparatus (experiment-peculiar) include the Subject question~~aires and the RATER 
previously described in Experiment 1-2.1. The Subject's Pre-Test State and its EPO 
ratings are the same as for 11-1. ll. The Test Subject's Activity consists of perform- 
ing the RATER task as described in 111-11. l1 and making subjective evaluations of the 
relative comfort and efficiency of each orientation as a function of g-level. The 
Total Time, repetition Interval, Number of Data Points and Time per Data Point for 
this experiment are identical to those for Experiment 111-11. ll. The Measurement 
Environment and its EFO ratings are the same as for Experiment III-1. 41. 
Experiment Objective Attainment EPO ratings a re  the s a b e  as for Experiment 
III-1. ll. Crew Time per Data Point is 0.22 hour. Equipment Weight and Volume are 
the same as 111-1. ll. 
111-11. 23 Threshold-g for Comfort Required for Display/Control Efficiency - 
The Experiment Source Reference is GDC. The Objective of this experiment and a 
number of its definition and analysis aspects a re  the same a s  for 111-11.2,. Only 
I 
those factors that entail differences a r e  considered here. 
Essentially, this experiment differs from 111-11. 21 as  11-1. l3 differs from 
II-1. ll. The Subject's Pre-Test State and its EPO ratings are  the same as  for 
11-1. 13. The Test Subject's Activity is completely analogous to 11-3. 13, combining 
the habituation headturn sequence and the 111-11. 21 RATER task into a shortened Total 
Time profile. EPO ratings for this factor a re  the same as  for 111-1. ll. 
The Total Time for this experiment and its E m  ratings are  the same as for 
11-3. 13. The repetition Intervals range from 2 hours to 16 hours, the RATER task 
at each rpm/g-level constituting one repetition. Number of Data Points is 60 (2 rating 
criteria, 3 orientations, 10 rpm/g-level environments). Based on a 20-hour total 
experimental time penalty, Time per Data Point is 0.33 hour. The Measurement 
Environment and its EPO ratings a r e  the same as  for 111-1.4 The Experiment 
Objective Attainment EPO ratings a re  the same as for ID-1.2;. Crew Time per Dat,a 
Point is 0.67 hour. Equipment Weight and Volume per Experiment are  7 1b. and 
1.7 ft3. 
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INFORMA~ON MATRICES 
Matrix Objectives 
A compilation of information and data pertinent to each Experiment Performance 
Option is presented in this section. This information has been organized in a five part 
matrix format, which was developed to satisfy three data-presentation objectives. 
These were: 
1. Papid Evaluation - the presentation system must procde for rapid 
visual comparison o r  rating of Experiment Performance Option 
capability. 
2.  Detail Evaluation - the presentation system must contain sufficient 
detail information to describe adequately the experiments and 
experiment characteristics upon which the ratings are  based. 
3 .  Support Information - the presentation system must provide sufficient 
supplementary information to completely describe the characteristics 
of the Experiment Performance Options involved. 
Rapid Evaluation 
A comprehensive comparison of the manner in which each of the defined EPOs 
;atisfies the requirements of the individual experiments involves thousands of pieces 
,f information and decisions. Attempts to display this mass of information using 
lumerical coding o r  alphabetic symbols rapidly deteriorate into a homogeneous contin- 
lum in which individual statements and decisions loose their comparative significance. 
iccordingly, a system of tonally annotated symbols was adopted to indicate the extent 
o which each EPO satisfied a particular aspect o r  requirement of an experiment. 
'his system of symbols - which is used extensively in Parts  3 and V of the Information 
datrix - is shown below: 
ixcellent Good - Tai - -  Poor Marginal Unacceptable 
IL I?.: 343 
White is used to designate "excellent", proceeding through shades of gray - in- 
dicating a gradual decrease in capability - to black, which designates unacceptability 
of the EPO with respect to the particular subject under consideration. Wherever 
possible, the terms excellent, good, fair, etc. , - as they are  applied in rating some 
factor of a particular experiment - a re  given a precise definition. Such information 
is listed in the Experiment Definition and Analysis section of the report. In other 
cases, particularly in the "Experiment Objective Attainment " ratings, the definition 
of these terms is much more arbitrary and must be interpreted in this light. In fact, 
most of the ratings can be adjusted a shade in one direction o r  the other without destroy- 
ing the usefulness of the evaluation o r  its intent. Care has been taken, however, to 
maintain consistant ratings in similar situations so that the relative capability and the 
degree of success to be expected in attaining the experiment objective is clearly shown. 
In a number of cases it will be noted that the Experiment Objective Attainment rating 
of an EPO is shown as less desirable than would be expected by a survey of the other 
factors which a re  individually rated, i. e . ,  the ability to provide the correct environ- 
ment, the period of time involved, the initial condition of the subject, etc. In these 
cases, the evaluator is usually suggesting that some deficiency exists in the experiment 
model rather than the EPO being considered- 
Unless otherwise designated, the following definitions we re  employed: 
Excellent: The EPO clearly provides the full range of conditions specified o r  lends 
itself to accomplishing the full objective of the experiment. 
Good: The EPO provides most of the experiment requirements (perhaps 90% o r  
more) o r  afforrls a high probability to the successful attainment of the 
experiment objective. 
Fair: 
Poor: 
The EPO provides the essential environment for  performance of the 
experiment but is not an exact fit to the defined requirements. Experi- 
ment Objective Attainment is cornpromized in either the quality o r  
quantity of information produced, however, a considerable portion 
(better than 50%) of the objective will be accomplished. 
The EPO cannot provide the full range of environment required by the 
experiment model o r  introduces artifacts which may reduce the validity 
of the results. Experiment Objective Attainment is reduced in quality 
and quantity (less than 50%). 
Marginal: The EPO has serious limitations in providing the requirements for per- 
formance of the experiments. Only a small portion (perhaps 10%) of the 
Experiment Objectives will be realized, however, some valid and useful 
information will result. 
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Unacceptable : The EPO has serious limitations in providing the required experiment 
conditions o r  is completely inapplicable. Either none of the experi- 
ment objectives can. be realized o r  the validity o r  quality of inforrna- 
tion produced is open to serious challenge. 
Detail Evaluation 
In order to provide greater depth to the evaluation of the EPOs and their experi- 
mentation capability, some of the more significant details relating to each experiment 
and EPO have been incorporated in the data matrices. These ii~clude weights and 
volumes of experiment peculiar equipment (Part 11) and performance characteristics 
of each EPO (Part I). Fo r  complete background regarding each EPO and Experiment, 
however, the reader is referred to that section of the report from which the infoma- 
tion was derived. 
Support Inf orm ation 
A third level of information is provided (Part a) for  the purpose of clarifying the 
experiment, rather than providing a basis for direct comparison. This inform ation 
includes items such as Test Subject Activity and Major Instruments o r  Apparatus in- 
volved in a particular experiment. 
Data Matrices 
The information matrices a re  presented in five parts, each of which covers a . 
specific area of EPO comparison. 
Part I - Experiment Performance Option Characteristics - This matrix compares 
operational performance and physical characteristics of the EPOs. In addition, main- 
tainability, reliability, and operations compatibility parameters are assessed. 
Part I1 - Experiment Performance Assessment - This matrix is a compilation 
of the information contained in the Experiment Definition and Analysis section of the 
report. 
The experiment group represented in these charts consists of the experiments 
recommended by the Artificial Gravity Committee together with certain other experi- 
ments which previous studies have disclosed as being Centrifuge Applicable. These 
experiments have been subcategorized and assigned an alphanumerical designation 
which is used here and in the Experiment Definition section as a common identifier. 
Three major categories of experimentation a re  represented: 
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Category I - ~edical/Physiological 
Category II - Performance 
Category III - Habitability 
Subcategories of experimentation under each of these main topics were also 
assigned. Individual experiments in each subcategory containing more than one 
experiment are  further designated by a lower case letter (a, b, c,  etc.). For  example, 
1-1 . l a  identified the experiment as  an Oculogyral Illusion measurement, subcategory 
tolerance to Angular Velocity - Vestibular and Related Phenomena, and as  belonging 
in the ~edical/Physiological category of experimentation. 
Redesign of certain experiments in the basic experiment group (identified by 
subscript 1) was performed as necessary. In a number of experiments, changes in 
the protocol o r  sequence of operations appeared to provide better information return, 
and these modified experiments a re  identified by a subscript 2.  In view of the fact 
that NASA Artificial Gravity Experiment program was modeled for application to 
large rotatable space vehicles (EPOs (d) and (e)), redesign was necessary in order 
to adapt the experiments to the short-radius machines. In these cases, the objective 
of the original experiment was maintained. These redesigned experiments a re  identi- 
fied by a subscript 3 throughout this document. 
Part  111 - Experiment Development Lead Times - An estimate, in man months, 
of the total time required to develop the experiments, which are  associated with each 
Experiment Performance Option, is presented on this matrix. These estimates a re  
broken down into eight development tasks under each of the experiment categories. ' 
Part  IV - Experiment Program Cost Data - Each of the cost factors defined in 
the development program model are  presented on this matrix along with the developed 
program cost for each Experiment Performance Option. The cost figures presented 
are  in terms of millions of dollars. 
Part  V - Summary Matrix - The Summary Matrix is a condensation of the Exper- 
iment Objective Attainment ratings of Part  II, taken to the level of experiment Sub- 
category. These a re  not numerically based ratings but rather represent a collective 
opinion as to how well the EPOs are  adapted to the 24 experimentation subcategories. 
The same tonal annotation has been employed to indicate the assigned rating a s  was 
used for  Part  11, i. e . ,  white for  excellent, shades of gray for lesser acceptability 
and black for unacceptability . 
In cases where experiment redesign has been suggested to adapt the procedures 
to short-radius EPO performance (subscript 3 experiments), the improvement - o r  
reduction - of Experiment Objective Accomplishment is indicated by devoting one- 
quarter of the toned area to the subscript 3 rating a s  indicated on the following page. 
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0 riginal Experiment 
Subscript 1 rating, Subscript 3 
(Marginal) Rating (Good) 
In this way the shift in EPO capability with experiment redesign as well as the 
initial assessment is clearly indicated. 
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PART I DATA MATRIX 
EXPERIMENT PERFORMANCE OPTIONS 
PARAMETERS 
Radlvs Range - as 
Measvred @! Subject c.g. 
Angular Rates - hd /Second  
g - Levels - @!Subjects c.g. 
Accelerat~on Rad/secZ 
Relatzve HP 
Mamenfum - Ff. -Lb. -Sec. 
(Max-condltlon) 
Mass Moment of Inertia 
(Max-Conflguratmn Slug it2) 
Torque (Ft. Lbe.) 
Peak Power Demand 
(Mam Drive-Watts) 
Welghts (Optmum) 
Rotatzonal Equipment 
Insfal laf~on Modlfleatlon 
E;xperunent Packages 
Totals 
vebcle volume Involved (it3) 
g -Gradlent Fatlo = Rad.al0r.g subject 
Max. Radzus 
RCs = Subjest Standmg 
RAu = S ~ b j e c t  Seated Legs up 
Rid = Subject Seated Legs Down 
Mamtamablhfy 
Rellabxllfy 
operafmns Compatibility 
OPTION b + e  
0 to 125 it. 
0 to  1500 m. 
0 to 4.9 
0 to 6.5 
,00035 to .24 
8. 7 
99.25 x 10' 
237.3 x ;Ob 
83, Ft. Lbbs. 
6490 
292,225 
38.700 
.048 to .642 
.02 to.. 268 
.032to .I185 
Good 
Farr 
Excellenf 
O P T I O N  a 
bit .  to 8.67 it. 
72 m. to 104 m. 
0 to 2.8 
1.5 
1 
. 6 
2548 
1137.5 
113.75 
406 
708 
500 
40 
1248 
945 
.642 
. 268 
.428 
Excellent 
Excelleni 
Good 
O P T I O N  b 
0 to 8.67 it. 
0 m. to 104 m. 
0 to 4.9 
6.5 
.24 
2.5 
7570 
1545 
333.0 
1490 
1790 
500 
200 
2490 
I640 
OPTION c 
5 it. to 8.67 i t  
60 m. to 104 m. 
0 to 2.68 
2. 17 
.24 
2.0 
3080 
1420 
297.5 
1140 
1290 
500 
157 
1947 
1640 
I 
OPTION d 
33.8 it. 
(405 m.) 
.543 
. 3 +  
,0748 
1.16 
2.3 x 10' 
4.242.800 
1200 
865 
205,250 
9860 
.642 
1 
i .642 . I78 
,074 
.I185 
Poor 
Excellent 
Marginal 
.268 
.428 
Good 
Good 
Excellent 
OPTLON e 
75 it. to 125 it. 
(900 1n.)(1500 m.) 
.418 
. 2  to .7 
.00035 
6. 2 
99.25 x lo6 
237.3 x 10' 
83.000 
4625 
S-U 
102.000 
Expansron tube 
17.735 Space 
Statmn 160, 000 
289.735 
33.650 
2 6 8  
,428 
Good 
Good 
Good 
 OPTION^+^ 
6 it. to 33.8 It. 
72 m. to 405 m. 
0 to  2.8 
0 to 6.5 
.0003 to . 1 
1.66 
2 . 3 ~  lob 
4.242.800 
1200 
1239 
206.498 
10,805 
.048 
.02 
.032 
Good 
F a ~ r  
Poor 
. I78 to  .642 
.074 to .268 
. I185 to .428 
F a n  
Good 
Good 
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EXPERIMENT DEVELOPMENT TIMES 
126 
126 
63 
42 
SPECIALIZED HARDWARE DEVELOPMENT 
TEST EQUIPMENT FABRICATION &/OR 
PROCUREMENT 
DEVELOPMENT TESTING 
EXPERIMENTIVEHICLE INTEGRATION 
CATEGORY I l l  HABITABILITY 
0 
D 
0 
0 
12 
12 
6 
4 
126 
126 
63 
42 
18 
18 
9 
6 
6 
6 
3 
2 
6 
6 
3 
2 
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PART IV DATA MATRIX 
EXPERIMENT PROGRAM COST DATA 
OPTION e 
7.057 
23.500 
5.379 
11.600 
4.400 
8.000 
3.525 
.400 
1.500 
3.688 
8 800 
3.130 
17.500 
98 479 
OPTION d 
1.480 
7.000 
1.912 
.I00 
0 
3.300 
1.050 
.400 
1.500 
1.221 
2 480 
20.443 
PROGRAM COST DISTRIBUTION 
OPERATIONAL HARDWARE 
+ INSTALLATIONS AND CHECKOUT 
ENGINEERING DESIGN AND 
DEVELOPMENT 
DEVELOPMENT TESTING 
DEVELOPMENTHARDWARE 
TOOLING 
SYSTEM ENGINEERING AND 
INTEGRATION 
GROUND SUPPORT 
EQUIPMENT 
SPECIAL TEST EQUIPMENT 
MISSION SUPPORT 
PROGRAM MANAGEMENT 
EXPERIMENT PROGRAM 
DEVELOPMENT 
SPACE SHUTTLE LAUNCHES 
CARGO MODULE 
TOTAL 
I OPTION a 
.470 
3.400 
4.800 
1.124 
280 
1.850 
.510 
.300 
.750 
1.005 
- 
14 489 
OPTION b + d  
3.684 
16.400 
10.852 
5.028 
1. 200 
7.400 
2.460 
.SO0 
3.000 
3.465 
3 120 
57 409 
OPTION b + e  
9.261 
32.900 
14.319 
16.528 
5.600 
12.100 
4.935 
.800 
3.000 
5.932 
9 000 
3.130 
17.500 
135 005 
OPTION b 
2.204 
9.400 
8.940 
4.928 
1.200 
4.100 
1.410 
.400 
1.500 
2.244 
2.937 
39 263 
OPTION c 
2.173 
9.100 
8.550 
4.820 
1.150 
3.900 
1.365 
.400 
1.500 
2.155 
2 480 
37 593 
- 
- - ' '-SUMMARY MATRIX 
Category I - M/Phys 
GENERAL DYNAMlCS 
Convair Aerospace Division 
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APPENDIX A 
THE R E  L A  TIOWSHIP O F  NULL-G/ARTIFICLA L-G INFORMA TION REQUIREMENTS 
T O  ADVANCED SPACE SYSTEMS DEFINITION AND PLANNING 
In the design and development of future manned space systems, many 
questions have arisen concerning the effects on crew and systems of null gravity and 
the often proposed alternative of rotational induced artificial gravity. These questions, 
most of which have profound effect on vehicle configuration and operational plans, are 
largely unanswered due to our lack of experience with these environments and our in- 
ability to obtain such experience in other than the on-orbit situation. Ground simula- 
tion of null-g employing neutrally buoyant water immersion or mechanical force bal- 
ancing systems provide some clues to human performance capability in orbit, but 
are valueless in assessing habitability factors and physiological effects . Also, while 
considerable appreciation of the effects of a rotating environment can be obtained 
using earth-based centrifuges, important differences in g-level, force vector orienta- 
tion and g-gradient ratio prevent direct application of this data to rotation in orbit 
until adequate relationship can be established between groundbased and orbital studies. 
The solution, then, will require an orbital experiment program of sufficient magnitude 
to supply the necessary base of information for confident definition and planning of our 
advanced space systems. 
Considering the number of different situations which are impacted by null-g/ 
artificial-g constraints even in present NASA planning and study programs, the nec- 
essary information base development will be most extensive and will require observing 
effects over a wide range of parameters including time, g-level, g-gradient ratio, 
angular rate, angular acceleration, corriolis and angular velocity cross-product. 
While information covering the complete range of these parameters is desirable, ac- 
quiring such an information base will involve considerable expenditure in both time 
and dollars, and indeed, may not be practically accomplished with the facilities and 
manpower at our disposal, or  with the timeliness necessary for its application, unless 
the scope of the program is reasonably bounded. Faced with this fact, and the un- 
certainties as to the eventual form of the space program, it appears desirable to 
establish some methodology by which an overview of null-glartificial-g considerations 
may be maintained as the space program takes shape. 
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One manner of providing such an overview is examined here which allows the 
linking of null-g/artificial-g experiment output to the information requirements of a 
range of possible future systems. In this way, an understanding can be obtained with 
respect to: 
a. The need for information in the cases examined. 
b. The circumstance under which such information can be generated, in- 
cluding scheduling and data path requirements. 
c. The manner in which the experiment results may be utilized. 
d. The impact of adding o r  deleting certain experiments or experiment 
equipment capabilities as may be required by shifting objectives, 
fundingd levels, schedules, time availability, or other factors which 
may influence the overall program. 
All of these factors are important in establishing alternate sets of experiments 
which, in turn, can be used as a basis for configuration studies and analysis of the 
various equipments which may serve to perform the experiments. It is recognized 
that such an approach is highly speculative and that the material will require periodic 
review in order to keep pace with changing space program plans and objectives. As 
a consequence, no attempt is made here to drive it to a conclusion in the form of a 
recommended experiment program. It is intended only as a working tool which will 
provide a degree of visability to the factors which guide null-glartificial-g experiment 
planning and equipment requirements. 
Study Objectives - The objective here is to identify the major elements which 
affect decisions with respect to the artificial-g/null-g experiment programs; describe 
these elements as well as can be done at this time; and suggest a method by which they 
may be used as a planning tool. In more explicit terms, this planning must provide an 
overview of the way in which future space program direction may influence the early 
experiment programs and help to identify requirements for early experimental configu- 
rations. A s  the internal centrifuge is recognized as one of the devices which can be 
used for artificial-g/null-g experimentation - and is of primary interest in this study 
- it is hoped that the proper exercise of the described methodology will provide some 
insight as to where, and in what form, these machines f i t  into the overall scheme. 
Study Approach - The study approach suggested is diagramed in Figure A l .  
It consists of establishing a number of possible system configurations which may 
result from implementation of the NASA Integrated Program Plan and other alternatives 
and then analyzing the gross characteristics of these configurations (which have been 
A -2 VOL. I1 
Select 
Information 
Objectives 
for Information 
Define 
Experiment 
Performance 
Option 
Requirements 
---- 
Individual 
Experiments 
Define Experiment Performance Option Requirements 
for Grouped Experiments. 
--- -. - - - - - 
Figure A l .  Study Methodology Diagram. 
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termed "End-Configuration Options" here) to determine what information must be 
available in order to achieve their development with regard to artificial-g/null-g 
questions. This activity will reveal the relationship between the null-g/artificial-g 
information needs of various contingent advanced space systems and the experiments 
which may be performed to supply the necessary information. In this way, the useful- 
ness of the information can be assessed and some basis established both for perform- 
ing the experiments and for identifying the range of parameters which are  of immediate 
interest. This, in turn, will allow identification of the requirements governing the 
design of experimental equipment or vehicles which must be provided. Also, some 
considerations affecting the choice of either a short radius internal centrifuge or ro- 
tation of a major vehicle as an experimental tool can be examined. 
The elements which must be defined for such an exercise are: 
1. The information objectives. 
2. The end-configuration options (these are  the speculative future systems). 
3. The time-dependent data path. 
In the following sections, each of these major building blocks, which contri- 
bute to the methodology, are defined and expanded upon to the point where useful con- 
clusions and study objectives may be attained. 
Information Objectives 
As the information requirements will change as a function of their use or 
application, some assumptions must be made here as  a study guide. Available for 
this pxrrose are  the generalized information objectives of: 
? Contributions to the Space Program Development 
a. Crew Physiological Improvement 
b . Crew Performance Improvement 
c . Crew Comfort Improvement (Habitability) 
d . Solution to Engineering Problems 
2. Scientific Interest 
3. Benefit to Mankind 
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5. Military Value 
6. Political Value 
7. Etc. 
By the choice of methodology (using future systems models as end-configurations) we 
have excluded all but the first information objective. 
For our immediate purposes in this study, we are most concerned with the 
manner in which crew related future system information requirements will dictate the 
configuration of earlier experimental equipment, particularly, the internal centrifuge. 
The general objectives la ,  b, and c, therefore, have been adopted exlusively in de- 
veloping the planning material presented here. Objectives directed toward engbeer- 
ing problem solutions may, of course, be introduced wifhin the same framework. To 
use information objectives such as Scientific Interest or Military Value, different 
end-configurations would have to be assumed to direct the study. 
End-Configuration Options 
The "End-Configuration OptionsfT (descriptions of the types of systems which 
may result in the implementation of the NASA Integrated Program Plan (IPP) or other 
planning studies) have been assembled from NASA planning documents a,nd study 
results or derived by introducing conditions which may impact the progress of the 
IPP as a result of: 
1. Funding limitations due to political or economic conditions. 
2 .  Technological problems. 
Brief descriptions of the End-Configuration Options most pertinent to this 
study are listed as follows: 
Space Station - Enb-Configuration Options 
1. Zero-g + LBNP and litterchair 
2 .  Zero-g + internal centrifuge 
3. Mixed zero-g/external centrifuge (z ero-g hub) 
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4. Alternate zero-g/station rotation 
5. Alternate zero-g + internal centrifuge/station rotation 
Space Base - End-Configuration Options 
1. Zero-g Base 
d 
a, Short crew stay time (30-453 
(No Support Centrifuge) 
d b. Short crew stay time (30-453 
Operational Support Centrifuge 
d 
c. Long crew stay time (90- +) 
(No Support Centrifuge) 
d d. Long crew stay time (90- +) 
Operational Support Centrifuge 
2. h!Tixed Artificial-g/Zero-g Space Base 
d 
a. Long crew stay time (90- +) 
Short rotation radius (30-40 ft) 
High rotation rate (6-7 rpm) 
d b. Short crew stay time (30-453 
Short rotation radius (30-40 ft) 
Low rotation rate (3-4 rpm) 
d 
c. Short crew stay time (30-45-1 
Long rotation radius (100 ft  +) 
Low rotation rate (3-4 rpm) 
d d. Long crew stay-time (90- +) 
Long rotation radius (100 ft +) 
Low rotation rate (3-4 rpm) 
k2erplanetax-y Vehicle - End-Configuration Options 
1. Zero-g Configuration 
a. Nuclear high thrust 
b. Low thrust thermionic electric 
c. Hybrid - highbow thrust 
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2.  Zero-g Configuration with Operations Support Centrifuge 
a. Nuclear high thrust 
b. Low thrust thermionic electric 
c . ~ybrid-highhow thrust 
3.  Rotating Configuration 
a. Nuclear high thrust - rigid 
b. Nuclear high thrust - cable connected 
4. Mixed-g Configuration with Internally Rotated Crew Quarters 
a. Nuclear high thrust 
b. Low thrust thermionic electric 
c . ~ybrid-highhow thrust 
5. Mixed-g Configuration with Externally Rotated Crew Quarter? 
a ,  Nuclear high thrust 
Space Station - End-Configuration Options - The space station may be 
assumed as  an end-configuration in itself or  an intermediate configuration leuling to 
a space base, iaterplanetary mission, or other advanced system. 
If it is assumed to be a zero-g configuration (spaoe station option l), sufficient 
prior work will have been done that assures that zero-g provides a fully acceptable 
environment with respect to crew physiological condition, performance and habitability 
- at least for stay times equal to space station crew rotation periods -- and that in- 
formation on longer periods of zero-g exposure may be required. Ja this case, the 
internal centrifuge might be utilized as  a purely investigative tool against the %ere-g 
background. 
Space station option 2, a zero-g station with an operational suppdsr*t centri- 
fuge, could result from environment insufficiencies of a type which the internal 
centrifuge can correct being revealed by prior zero-g studies. These might be: 
benefits of short term, high-g exposure for cardiovascular conditioning; need for 
intermittent improvement in certain types of performance such as  component dis- 
assembly o r  personal hygiene; treatment of acute space sickness and similar uses. 
In other respects, the zero-g environment would have to be fully acceptable as  in Wtre 
case of space station option 1. 
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Space stations of the type 3, 4, and 5 could result if prior zero-g experience 
proves it to be an inadequate environment and if  it is beyond the capability of an 
operational centrifuge to supplement this environment sufficiently to make it accept- 
able. These station options could also result merely if earlier artificial-g/zero-g 
studies have been inconclusive or  insufficient in scope or content. Differences in 
these options reflect differences in problems which may have been encountered or  
changes in emphasis in anticipated future systems. Space station options 3 and 5 would 
anticipate some of the operational situations encountered in a mixed zero-g/artificial- 
g space base. Space station option 4 would lend itself more adequately to evaluating 
the interplanetary operational situation (except with respect to time involved). 
Space Base - End-Configuration Options - Assuming a major - fairly long 
duration - facility such as a space base as an end-configuration would suggest that 
considerable prior work had been done to explore zero-g/artificial-g operational pro- 
blems and that the designs were not experimental in themselves. Two generic cases 
appear to be reasonable, the full zero-g base or a configuration with co-existing zero- 
g/artificial-g areas. (A full artificial-g space base is not considered practical be- 
cause of its inability to satisfy orbital experiment operational requirements .) 
For the zero-g space base, operational differences will begin to appear as 
a function of maximum zero-g exposure allowable and the cost of logistics support. 
Space base option l a  might result from observing undesirable physiological changes 
in the crew for 30 to 40 day zero-g exposure and having a shuttle capability for full 
crew rotation available. Performance and habitability in zero-g would have to have 
been established as fully acceptable. If these same conditions exist except for some 
lack of capability in performance, an operations support centrifuge may be of some 
value as is suggested by option lb. If longer term zero-g exposure is found to be 
acceptable (90 days or greater) this will certainly be taken into consideration h the 
design a d  operation of the space base and could result in end configurations l c  or Id. 
The mixed artificial-g/zero-g space base may result from prior work which 
establishes that zero-g exposure for the time period involved is unacceptable in some 
way that intermittent rotation can correct, and that there are no insurmountable 
tecbnological problems involved. A considerable range of possibilities can exist here 
which will involve differences in crew stay-time, radius and rotation rate of artificial- 
g areas. For our purposes here, just recognizing the limiting cases is probably ade- 
quate. Consider, then, the combinations which can result from specifying the stay- 
time as "Short (30-40 days)" or  "Long (90 days +)"; the rotational radius as "Short 
(30-40 ft)" or "Long (100 ft +If.)"; and the rotation rate as "Low (3-4 rpm)" or "High 
(6-7 rpm)". 
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Combinations of short time, short radius and high rpm are likely to be lack- 
ing in habitability and of doubtful necessity for short crew rotation time physiological 
support. A better case could be made for long time, short radius, high rpm for 
physiological support if habitability is not stressed and performance is not degraded 
due to low-g and high w . This would correspond to space base option 2a. If per- 
formance standards at very low-g are  acceptable and short crew stay-time reduces 
physiological adaptation to a reasonable level, space base, option 2b may result. This 
option would provide only enough g-force to counteract agravic problems and would 
feature a low rpm to increase habitability. 
Conditions which result in long rotation radius and high rotation rate may be 
excluded because g-levels would be greater than one. Long radius, low rpm com- 
binations (options 2c and 2d will tend to increase performance, habitability and physio- 
logical support and appear to be valid for both short o r  long stay time. They may, 
however, be less cost effective or  difficult to launch and assemble in orbit. 
Interplanetam Vehicle - End-Configuration Options - Interplanetary vehicle 
considerations with respect to zero-g/artificial-g tend to emphasize crew phylsiologi- 
cal support over long periods of time in space (several years) and place less emphasis 
on optimum crew performance o r  optimum habitability. In most cases, minimum 
levels a re  stressed because of high cost. This is quite a different objective than that 
considered for  space base and will lead toward evaluation of minimum rather than 
optimum conditions in earlier work. In addition, differences in artificial-g provisions 
will occur because the choice of propulsion system used for  interplanetary flight can 
strongly influence the way in which artificial gravity is mechanized in these vehicles. 
From the standpoint of technology, operational simplicity and cost, the zero-g 
end-configuration options (la, lb, and lc)  would be the most desirable. These config- 
urations are  compatible with all types of propulsion and provide the best platform for 
planetary and transplanetary observation, experimentation and communications, Un- 
fortunately, they have the least credibility with respect to maintaining adequate crew 
physiological condition. 
The addition of an operational support centrifuge (end-configuration options . 
2a, 2b, and 2c) could result in a more realistic situation if substantial prior evalua- 
tion of the cent-rifuge certified that it could eliminate any deficiencies resulting from 
long term zero-g exposure of the crew. 
Full rotating configurations, either rigidly connected o r  cable connected, a re  
reasonable possibilities as they naturally tend toward long rotational radii and can 
furnish near normal~g at low rpm. Radii for  the rigid configuration (option 3a), how- 
ever, may decrease at each planetary maneuver as spent tankage is dropped. - 
In either case, nuclear (or chemical) high thrust propulsion is most likely necessary. 
Fully rotating rigid configurations are  unconvincingly mechanized for continuous low 
thrust because of c.g. changes and cable connected versions even less realistic in this 
respect. Fully rotating configurations are  also a poor transplanetary observation and 
experiment platform and may have to revert to a zero-g mode during planetary en- 
counter. In any case, rotation would be terminated during all high thrust maneuvers 
and course corrections. 
The mixed-g end-configuration options with internally rotated crew quarters 
offers one of the best solutions to incorporating artificial-g in the low thrust or  hybrid 
high/low thrust class of interplanetary vehicles (options 4b and 4c). If these propulsion 
systems become popular and practical, there will be a heavy incentive for evaluating 
short radius rotating compartments for crew physiological support and performance 
increase under conditions of minimum acceptable habitability. The advantages of this 
approach are: reduced interference with thruster in banks; reduced problems in re- 
configuration for high thrust maneuvers; lack of rohting seals; good accolnrndation of 
transplanetary and planetary experiments; and provision of artificial-g during planetary 
observation. With externally rotated crew quarters (option 5) interference with low 
thrust propulsion units becomes more of a problem and may restrict the approach to 
high thrust configurations only. High rotary seal leakage and increased power for 
rotation are  additional penalties which must be considered. 
Other End-Configuration Options - Other end-configurations not listed here, 
but which can produce some unique requirements for artificial-g/null-g information, 
include: Lunar orbit station; orbit-to-orbit tug; experiment modules (especially in the 
case of the biocentrifuge experiment module); and the Earth to orbit shuttle. 
Data Paths 
Data paths a re  descriptive sequences which trace the flow of information 
from its origin to some point of application. They a re  speculative, non-unique, and 
cannot be optimized without well defined boundary conditions and optimization 
criteria. They do, however, provide the necessary means of linking early experi- 
mentation with possible future systems requirements. 
The data path is best described in terms of major equipment elements o r  
end configuration options as  have been discussed previously. It must also be 
associated with some schedule o r  time frame which will determine if there is a 
sufficient interval between elements of the data path for information to be generated- 
absorbed-and acted upon. Such schedule considerations will be introduced in the 
next section. 
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As an example - a generalized data path of the form has been prepared 
Skylab Undefined 
Configuration 
which illustrates the procedure with respect to null-g/artificial-g information and 
suggests the position of the internal centrifuge in this particular sequence. The 
generalized data path is shown by Figure A2. In preparing a data path, some order of 
priority must be assigned to the information being generated. In this case, physio- 
logical support has been assigned first priority so that negative experimental 
results in this category will terminate the path. This is followed in priority by crew 
performance and then habitability assessment. The rationale for this is that if 
adequate physiological support is not provided by the imposed experimental environ- 
ment, then a future system postulated as  having this environment is not valid. As 
a result, the study of performance o r  habitability factors in the same environment 
need not be pursued. 
The 'objective here is to identie some characteristics of experimental cap- 
ability for the "Unidentified Configuration" occupying this position in the data path. The 
"unidentified configuration" may be an advanced Skylab, a shuttle orbiter plus experi- 
ment module, or  some entirely new concept with equally valid results. 
Some immediate observations can be made from the generalized data path as 
follows : 
1. At this stage, the experiment program will be almost completely 
result-dependent - so that capability to experiment over as wide a 
range of variables as  possible should be maintained. 
2. Failure to provide adequate parametric coverage for short radius, high 
rpm data in all experiment categories can result in premature severage 
o r  interruption of several very attractive data path? - especially in the 
case of Space Station and interplanetary vehicle end-configurations. 
3. Failure to provide adequate parametric coverage fqr long radius, low 
rpm data in all information categories can lead to serious compromise 
of space base information requirements. 
4, The tendency for some experiment parametric ranges to lead toward 
space base optimization, while others lead toward interplanetary vehicle 
optimization, indicates that the experiment program may be split be- 
VOL. I1 
tween the "unidentified configuration" and the space station - contingent 
on space base being an independent development rather than a gr'~wth 
version of the station and that there is sufficient schedule separation for 
reaction to experiment information. 
5 .  Total programs can evolve from progressive generation and application 
of information or  can be directed to a specific, pre-selected end-con- 
figuration as a goal (such as was the case with Apollo). For pre- 
selected goals, the data path narrows to a validation sequence which will 
minimize cost and schedule requirements, Reduction in risk, however, 
requires selection of a goal with sufficient contingency and performance 
margin which will increase cost and tend to result in a non-optimum 
end-configuration. 
6 .  Differences in space base and interplanetary vehicle objectives indicate 
that interplanetary vehicle optimization may be independent of space base 
technology and information requirements. As such, the interplanetary 
vehicle should not be expected to be a direct outgrowth or extension of 
the space base information requirement data path. This argues against 
a restriction in parametric range for early experiment equipment 
configurations. 
From the generalized data path, observation can proceed to specific paths 
which are based on more detailed end-configuration descriptions and include secondary 
paths such as are afforded by groundbased studies which parallel the orbital experi- 
ments. These secondary paths are of great importance in the artificial-g/zero-g 
experiment program because they may provide an opportunity to increase the statistical 
test subject sample size and allow extrapolation of information beyond the parametric 
range which can be conveniently provided in orbit. For this reason, some discussion 
of differences between earth-based and orbit-based experiment environments 
appears in order. 
~arth-Based/~rbit-Based 
Experiment Parametric Matching 
Information gained from early experimentation, with regard to artificial-g/ 
zero-g effects, may find application in future systems where the parametric condi- 
tions of source and application are a direct match. More likely, however, there 
will be some mismatch such as differences in radius and angular rate, prior history 
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o r  physiological condition of the test Subject, time interval, etc., which will require 
an extrapolation of the information to the desired future system condition. A further 
p roblem will arise when the secondary data path of groundbased experiment infoma- 
tion generation is introduced. Here, considerable difference will exist between; 
first, the earth-based/orbit-based experiment results which we would like to relate; 
and secondly, between the earthbased data pool and the future systems environment. 
This secondary data path is illustrated below. 
DIRECT INFORMA- 
CONFIGURATION 
DATA 1 
COMPARISON & 
RE LATION 1 EARTH-BASED I 
INFORMA TION 
CENTRIFUGE 
(EXPERIMENTS ON 
Considering the importance of this data path in increasing the statistical 
validity of the orbital experiments, it would be well to examine the differences in 
experimental condition between earth-based and orbit-based experiments to deter- 
mine - in a preliminary fashion - if correlation of results can reasonably be 
expected to occur. 
If we wish to evaluate the effects of rotation at  a particular value of a para- 
meter of major influence (time, A time, w , g, g-gradient ratio, coriolis, vector 
cross product, etc.) in orbit, and relate this to tests at comparable values of this 
parameter in a groundbased facility - some attempt must be made to minimize 
error  or  differences in other parameters which influence the particular phenomenon 
being studied. This suggests that it is insufficient to develop only the orbital experi- 
ment in great detail, but that its groundbased counterpart should receive equal atten- 
tion at the same time. In attempting to eliminate differences o r  errors in extraneous 
parameters between these two experimental regimes, it is likely that the require- 
ments of the groundbased counterpart will influence the manner in which the orbital 
experiment is performed. 
If a review of the experiment list used in this study is made to roughly deter- 
mine for each experiment which parameters should be held at a constant value and 
which parameters should be held to a minimum #difference, some 16 classes of experi- 
ments are readily identifiable as is shown by Table A l .  In many cases, the desired 
match obviously cannot be attained. This is particularly true for g and vector relation- 
ships. A s  part of the experiment development then, the degree of acceptable compro- 
mise must be established and the best approach to minimizing differences must be 
determined. 
Some considerations in this regard are illustrated by Figure A3 in the case 
of percent g error between spacebased and groundbased experiments. 
Identifying the following terms is : 
gs 
= Ratio of inertial force to gravity force for rotation in orbit. 
ggr 
= Ratio of inertial force to gravity force for earth-based centri- 
fugation. 
v 
= Gravitational constant - 32.2 ft/sec 2 gc 
G = Angular velocity - rad/sec 
I 
r = Radius of rotation - ft 
's/gr 
= Space to ground inertial force ratio error 
- 
ggr - gs = \ i F  - 
g c 
and considering the problem of minimizing %t$ for common earth-based/space- 
s/gr based radius of rotation, Figure A3 indicates that for low angular .velocity experiments, 
very little %t improvement is gained by going to large radii. A s  wincreases, the 
s/gr 
% improvement becomes more in favor of a large radius - up to the limit of test Sub- 
ject g-tolerance . Such limits are usually imposed on the experiment and, for long 
duration experiments, would not exceed a g = 1.5. It is interesting to note that, if gr 
Class  
1. 
2. 
3. 
4. 
5. 
6 .  
7. 
8. 
9. 
Experiment and Gatagor y 
Threshold Ocylogyral Illusion, 1-1. 1a;I-4.2. l a  
Vertical & Horizontal Nystagmus, 1-1. 1b;I-4.2. l b  
Per formance  After Head Motion, 1-1. 1c;I-4.2. l c  
Visual Fixation, I - 1. If 
Pos tura l  Balance, 1-1. 1i;I-4. 2. li 
Gastrointestinal Function, I -  1. 1 j 
Neurophysicological Functions, I-  1. 2 
Higher Mental Functions, I-1.3;I-4.2.3 
Large Circular  Tracking, I -  1. Id  
Ballist ic Aiming & Pointing, I-  1. l e  
Pos tu ra l  Balance, 1-1. li 
Otolith Sensitivity, 1-1. l g  
Ocular Counter-rolling, I- 1. l h  
Pass ive  Transition, 1-2. 1 
Active Transition, 1-2. 2 
Greyout, 1-3. lh(2); I-3.2e/2); I-4.2.4h(2) 
1-4. 2. 5e(2); 1-5. 1.4h(2) 
Re -Entry Tolerance, 1-3. lh(3); 1-3. Ze(3) 
1-4. 2.4h(3); 1-4. 2. 5e(3); 1-5. 1.4h(2) 
Tilt-Table, 1-3. lh(4); I-3.2e(4); 1-4. 2.4h(4) 
1-4.2.5e(4); 1-5. 1.4h(4) 
Physiological Reconditioning, 1-5. 0 
Common 
P a r a m e t e r s  
t, w ~ b ,  
o r  
t, 0,6, 
gz -vector 
t, 
g -gradient 
g,-vector 
kid 
W, WI r 
W, r ,  t 
t 1 1, , 
gz-vector 
t , l g l , k  
g,-vector 
g, Id 
gz -gradient 
t, l g l ,  
g-vector 
Minimized 
Differences 
% g E r r o r  
191 
% g E r r o r ,  
l g l  
% g E r r o r  
o r  
OJo w E r r o r ,  
I sl 
gz -vector 
lg l  
g-vector 
lg l  
g-gradient 
CdXe 
g -vector 
g -gradient 
Comments 
Control r 
Subject z axis Horiz. 
Hold rs = rgr. 
Control w 
Control r 
Planner Restraint  
Special Harnessing 
Control w, cj 
Control w, &, 0 
Subject orientation 
control 
b 
I 
Table A 1. Parameter Matching Requirements For ~arth-Based/Orbit-~ased Experiments (Continued) 
v -L. 
00 
Class 
10. 
11. 
12. 
13. 
14. 
15. 
1 6. 
Experiment and Catagor y 
Self Locomotion, 11-1.0 
Transition from Artificial-g to Zero-g, 11-2.0 
Gross Motor Performance, 11-4.0 
Fine Motor Performance, 11-5. 0 
Taxis, 11-6. 0 
Gross Motor Performance, 11-4. 0 
Taxis, 11-6. 0 
Passive Radial Locomotion, 11-7. 0 
Bioscience Centrifuge Experiment 
Support, 11-8. 0 
Habitability, 111- (Where Applicable) 
Common 
Parameters 
IgzL 0 
g -vector 
r, w, wX8 
Activity 
ra te  
Id , w, 
g-vector 
Activity 
rate 
g -gradient, 
0 
US G, 
g-vector 
t, o, wX8 
g -gradient 
g-vector 
U, t, 
g-gradient 
or  
g-vector 
Minimized 
Differences 
OJo g Er ro r ,  
g -gradient 
g-vector 
g -gradient 
g-vector 
14 
70 g E r r o r  
Comments 
Planer Restraint, 
control r 
Planer Restraint 
Radius  - r 
TOL. IL Figure A3.  Inertial Force Error  for Space Experiments A-19 
Duplicated in Groundbased Rotational Envi mnments 
ggr 
is held to a constant, % E has a minimum which is independent of radius. 
s/gr 
For the limit g = 1.5, for example, the lowest error attainable would be about 26%. 
gr 
In experiments where absolute values of g are important, this same trend seems to 
be continued as is illustrated by the plots of E on Figure A3. Actual values of g 
s/gr gr 
are also provided for comparison with g (the space based inertial force ratio) as is 
s 
shown by Figures A4 and A5. 
DATA PATH SCHEDULES 
A s  mentioned before, the data path must be coupled with a time schedule of 
major events which affect each element in the path. This is necessary in order to: 
1. Determine if there is sufficient time to develop the experiment and inte- 
grate the required hardware in the originating element. 
2.  Determine if there is sufficient time to interpret the experiment data 
and act upon it by either structuring a new experiment for performance 
in the next path element or by incorporating the information in an end- 
configuration design. 
3. Determine if there is sufficient time to correlate groundbased,/ 
orbit-based experiment results before they must be acted upon. 
4. Determine the sensitivity of the experiment program to schedule changes. 
Four such schedules are included here for reference and are contained in 
Figure A6. While generalizations can be made using these schedules, it would appear 
necessary to check each experiment individually in order to evaluate the four points 
listed above. 
EXPERIMENT INFORMATION REQUIREMENTS 
AS A FUNCTION OF END-CONFIGURATION OPTION 
The next level of detail which can be provided by this methodology links 
selected end-configurations of the data path with information categories or specific 
pieces of information which earlier experimentation should be able to provide. Taken 
collectively, for all end-configuration options of a certain class, the information 
requirements will define what the experiment configuration must do. This is not to 
1 I I 
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imply that these are the only things which the experiment configuration must do - 
only that it include a range of capability which will provide information in the indi- 
cated areas which will validate or  invalidate the suggested approach. 
As a trial, a number of end-configurations whlch have been conceptually de- 
fined in current and past studies have been selected for this type of examination. 
These are: 
1, Current Spacebase Design/Configuration Concepts. 
2. Optimum Spacebase ~esign/Configuration Concepts. 
3. Specific Interplanetary Vehicle Configuration Concepts. 
a, Full rotating, rigid, nuclear high thrust. 
b. Null-g with support centrifuge. 
c. Mixed-g with internal rotating chamber. 
d. Nlixed-g with externally rotated crew module. 
4. Opt imum Interplanetary Vehicle Configuration Concepts. 
a. Fully rotating, rigid, nuclear high thrust. 
b. Null-g hybrid high/low thrust. 
c. Null-g with support centrifuge. 
d, Mixed-g with internally rotating chamber. 
e. Mixed-g with externally rotated crew module. 
5, Biolab-centrifuge Experiment Module Concepts. 
6. Other IP P Systems, 
The procedure recommended is one of stating a tentative condition or  obser- 
vation, followed by the information requirement in the form of a question. The ex- 
periment or category of experiment, which provides information or  answers the 
question, is then identifiable. 
In these trial evaluations, no attempt has been made to tie the end-configu- 
ration information requirements to the detail experiments of the experiment list - 
although it is possible in most cases to get a fairly good match. Identifying @e 
experiment category or subcategory appears to be sufficient for illustrating where 
the experiment information might be used; which branch of the data path is being 
exercised and; what role the internal centrifuge might play in the overall scheme. 
Table A 2. Information Requirements Evaluation - Current Space Base. 
* 
I Design/Configuration Concept (1, ) 
N 
CO I I 
EXPERIMENT TENTATIVE CONDITION I INFORMATION REQUIREMENT I REFERENCE 
A. Crew living qua r t e r s  and 
facil i t ies located at 80' - 11 0' 
radius and rotating at = 4  rpm. 
Est imated occupancy 8 - 16 hrs  
p e r  day over 60 to 90 day 
c rew duty tour. 
Crew members  may be in- 
volved in shuttle, tug, x -  
module of fuel depot tasks 
requiring severa l  days null-g 
expos ur e . 
d '  
,? Some of c rew may  have con- 
# tinuous duty in rotating areas .  
(1) Does range of (. 434-. 60)g provide 
sufficient physiological support for 
60-90 days at:  
.434g; 8 hrs  /day? 
.600g; 16 h r s /day?  
(2 )  Does the range of (. 434-. 60)g provide 
sufficient support for  the sufficient 
performance of normal  activities 7 
Are the g-gradient effects and W 
effects present  detrimental to per  - 
formance of normal  t a sks?  
After 8 h r s  null-g exposure? 
16 h r s  null-g exposure? 
Longer exposure: 
If performance i s  effected by pr ior  
null-g exposure, what i s  rehabit-  
uation period? 
(3) Is the range of (. 434-. 60)g accept- 
able with respec t  to habitability? 
Is habitability in performing normal  
activit ies acceptable at 4 r p m ?  Is  
it g dependent? 
Immediately af ter  exposure ? 
After 4-8 hours?  
After 8-10 hours?  
During severa l  (2-3) months 
exposure ? 
All  Category 1 Ex- 
per iments  except 
4.0, 5.0, 6.0 - Must 
include interrupted 
g schedule. 
A l l  Category 11 Ex- 
periments, Must . 
include interrupted 
g schedule 
11-2.0 Experiments 
A l l  Category III Ex -, 
periments, Must 
include interrupted 
g schedule 
Table A2. Information Requirements Evaluation - Current Space Base 
Design/Configuration Concept (1. ) (Continued) 
EXPERIMENT 
REFERENCE 
Experiment m-3.0 
ILI-~,-, with inter- 
mpted g schedule, 
Category II Experi- 
ments II-1.0, II-2.0, . 
II-7.0, 
Category 11-1. 0 
TENTATIVE CONDITION 
Arrangement of c rew quar te rs  
indicates radial  compart  - 
mentization and c i rcu lar  
corr idor .  
Floors  not aligned with l inear  
accel. vector. No alignment 
of ver t ical  references with 
l inear  acceleration vector.  
Considered desirable  f rom cost  
and efficient volume utilization 
standpoint. 
Crew may t ransfer  between 
f loors  (g -level) frequently -- 
est imate 20 t imes /day m a ~ .  
INFORMATION REQUIREMENT 
Is g-gradient in this range a factor in 
degrading habitability? 
After 8 h r s  null-g exposure? 
16 hrs  null-g exposure? 
Longer exposure ? 
(4) What is effect on habitability of walk- 
ing in various patterns and directions 
at: 
4 r p m ?  
(. 434 -. 6O)g? 
Over flat  o r  curved f loors?  
(5) What i s  effect on habitability of lack 
of visual ver t ical  references ? 
At 4 r p m ?  
.434-. 60g? 
After 8 h r s  null-g? 
16 h r s  null-g? 
Longer exposure ? 
(6) What i s  effect on performance of 
change of g-level over the range 
.434-. 60g ? 
Is  it independent of w? 
Can t ransfer  be accomplished 
efficiently with ladders  and steps ? 
tp Table A2. Infomation Requirements Evaluation - Current Space Base 
t 
w D e s i ~ / C  onfiguration Concept (1. ) (Continued) 
0 - I I 
TENATIVE CONDITION 
B. Radial t ranspor te r  between 
living quar te rs  and hu.b i s  
suggested. 
Backup radial  translation by 
ladder i s  suggested. 
C. Seals ,  dr ives ,  power t ransfer  
and other sys tems located a t  
10' radius in hub area .  Main- 
tenance m u s t  be effected with- 
out shutdown. 
d 
t' 
.- 
El 
EXPERIMENT INFORMATION REQUIREMENT I 
(7) What i s  effect on habitability of 1 Category I11 
change of g-level over range of .434- 
6 0 g ?  
Can i t  be accomplished comfortably 
ladders  and steps ? 
(8) What i s  maximum radial  translation 
ra te  with respec t  to habitability a t  = 
4 r p m ?  Does habitability a s s e s s  - 
ment vary  with radial  position? Does 
habitability assessment  vary  with 
p r io r  null-g exposure ? 
After 8 hrs  ? 
16 h r s ?  
Longer exposure ? 
(9)  Can radial  t ransfer  f rom ,434 to 
. 05g be accomplished efficiently 
with ladder ? 
At 4 r p m ?  
Is  p r io r  zero-g exposure a fac tor?  
(10) Can radial  t ransfer  f rom .434 to 
. 05g be accomplished comfortably 
with ladder ? 
At 4 r p m ?  
Is  p r io r  null-g exposure a fac tor?  
(1 1) What i s  performance capability a t  
. 05g. Do techniques differ essen-  
tially from zero-g procedures.  Is  
p r io r  exposure (null-g o r  a-g) a 
factor with regard  to performance. 
All Category I1 Exper i -  
ments.  
Table A2.  Information Requirements i valuation - Current Space Base 
Design/C onfiguration Concept (1. ) (Continued) 
a 
U TENATIVE CONDITION 
D. Crew & cargo must  make 
abrupt t ransfer  between 
rotating and non-rotating 
compartments in hub area .  
E. A la rge  portion of c rew 
activities a r e  centered in null- 
g a r e a s  and must  be accom- 
plished af ter  part ia l  o r  total 
habituation. 
1 INFORMATION REQUIREMENT 
(1 2) Is visual perception of rotatinglnon- 
rotating s tructure disorientating 
during t ransfer  a t  -- 4 r p m ?  Does 
mechanical s ynchronization and 
shrouding offer a better approach? 
From null-g to rotating area :  
With prior  rotation exposure? 
With pr ior  null-g exposure? 
F rom rotating a r e a  to null-g: 
With prior rotation exposure ? 
With pr ior  null-g exposure? 
(13) Are there performance problems in-  
volved in making unassisted t ransfer  
a t  * 4 r p m ?  Can manual t ransfer  of 
bulk cargo and s tores  be accom- 
plished efficiently across  rotating 
interface a t  w 4 r p m ?  
From null-g to rotating area :  
With pr ior  rotation exposure ? 
With pr ior  null-g exposure? 
From rotating a r e a  to null-g: 
With prior  rotation exposure ? 
With prior null-g exposure ? 
(14) Is null-g performance affected by 
pr ior  exposure to 4 rpm rotation: 
F o r  8 hours?  
For  16 hours? 
Longer periods ? 
If so, how does performance vary  
with prior  w ?  
EXPERIMENT 
REFERENCE 
11-2. 0 
, Category 11 Experi- 
ments 
Table A2.  Information Requirements Evaluation - Current Space Base 
* 
t 
W 
~esign/~onfigurat ion Concept (1. ) (Continued) 
t\3 
TENATIVE CONDITION INFORMATION REQUIREMENT EXPERIMENT REFERENCE 
(15) Is null-g performance effected by A11 Category I1 Experi-  
pr ior  exposure to .43  -. 60g: ments. Serving as  
F o r  8 hours ? comparison base for 
F o r  16 hours? zero -g experiments. 
Longer periods ? 
How long before habituation i s  
extinguished ? 
F. Counter -rotating elements 
a r e  a popular concept for 
simplifying space base 
dynamics and control sys  - 
tems and in reducing 
reaction control expendables. 
(16) Is there a tendency to space s ick-  
ness  af ter  exposure to 4 rpm 
rotation: 
F o r  8 hours?  
For  16 hours? 
F o r  longer periods? 
(17) Is visual perception of rotating/non- 
rotating s tructure disorientating 
during transition a t  = 4 rpm: 
F rom positive rotation to null-g to 
counter -rotation: 
With pr ior  null -g exposure ? 
With pr ior  rotation exposure ? 
(18) Are there performance problems in-  
volved in making unassisted t ransfer  
at -- 4 rpm: 
With pr ior  null-g exposure? 
With pr ior  rotation exposure ? 
(19) Can manual t ransfer  of bulk cargo be 
accomplished efficiently ac ross  
rotating interface at x 4 rpm ? 
From positive rotation to null-g to 
counter -rotation: 
With pr ior  null-g exposure ? 
T A T :  CL --: - .. --c...+J ,.- ..-- q 
Table A2. Information Requirements Evaluation - Current Space Base C S Design/Configuration Concept (1. ) (Continued) , 
.. 
EXPERIMENT 
U TENTATIVE CONDITION I INFORMATION REQUIREMENT I REFERENCE 
G. Some members  of c rew have 
their  qua r t e r s  and duties 
exclusively in  null-g a r e a s  
of the base. 
H. Crew may involve specialized 
personnel who a r e  naive with 
respec t  to effects and experi-  
ence of null-g and rotating 
environment. 
(20) Is there a performance decrement 
af ter  transition f rom positive 4 rpm 
to null-g to counter-rotation a t  4 
rprn? How long before rehabituation 
i s  established? 
(21)  Is there a habitability decrement 
af ter  transit ion from positive 4 rpm 
to null-g to counter-rotation a t  4 
rpm 3 
How long before rehabituation i s  
established? 
(22) Do long periods of exposure to null-g 
resu l t  in excessive physiological 
deterioration? If long periods of 
exposure to null-g resu l t s  in dete- 
rioration in physiological condition, 
will exposure to .43  -. 60g reve r se  
o r  stabilize deter iorat ion? If so,  
what length of g-exposure i s  r e -  
quir ed ? 
(23) Can training shorten habituation 
t ime with r e spec t  to .43 -. 60g 
a t  -4 rprn ? Can training improve 
performance in .43 -. 60g/4 rpm 
environment 7 
(24) Can training improve null-g pe r  - 
formance of c rew af te r  partiaZ o r  
full habituation to 4 r p m ?  
Category 111. As 
applicable a f te r  
transition. 
No Specific Experi- 
ment area listed. 
T able A3. Information Requirements Evaluation - Optimum Spacebase 
~esi~n/Configuration Concept (2.) 
EXPERIMENT 
REFERENCE 
1-3. 0 
Category I1 except 
11-8. 0 & 11-7. 0 
111-1. 0, 111-3. 2 
111-4. 2 & 4. 3 
111-5. 0 
111-7.3 
111-9. 2 
111-10. 2 
1-3. 0 with interrupted 
g schedule 
TENATIVE CONDITION 
A. Crew living quar ters  and facil-  
i t ies location in rotating a r e a s  
will be optimized with high 
emphasis on habitability while 
maintaining sufficient standards 
of crew performance and 
physiological condition. 
B. Crew will be required to t ran-  
s fer  between and function a t  
various g-levels (radii)  in the 
rotating a r e a s  in  the perform- 
ance of normal  duties. 
INFORMATION REQUIREMENT 
(1) What i s  the change in physiological 
condition of crew members  living in 
the rotating a r e a s  a s  a function of: 
Total exposure t ime?  = 0-90 days 
Angular velocity? = 2-6 rpm 
g -level ? = .2- .  8 
g -gradient /g -max ? <. 5 
(2) What i s  the change in crew perform- 
ance capability in a spacebased 
rotating environment a s  a function 
of: 
Total exposure time ? = 0-90 days 
Angular velocity? = 2-6 rpm 
g -level ? = .2 -6  
g -gradient /g -max ? <. 5 
(3) What i s  the variation in habitability 
of a spacebased rotating environ- 
m ent a s  a function of: 
To ta lexposure t ime?  =0-90days  
Angular velocity = 2-6 rpm 
g -level = .2 -8  
g -gradient /g-max <. 5 
Floor shape and vert ical  references.  
Room and corr idor  arrangement  
Equipment design and orientation. 
(4) What i s  the effect of a g/ t ime sched- 
ule on crew physiology in com- 
parison to exposure to a continuous 
g-level within the range of require-  
ment (1 ) ? 
C. Crew will have some oper - 
ations,  maintenance and in- 
spections tasks  on equipment 
located in very  low-g portions 
of the rotating a rea .  Opti- 
mization of location of such 
equipment will be influenced 
by ability to perform such 
tasks efficiently 
Table A 3. Information Requirements Evaluation - Optimum Spacebase 
d' - -- - Design/Configuration Concept (2. ) (Continued) 
D. Crew will be required to 
utilize rotating a r e a s  af ter  
performing tasks of varying 
duration at null-g as a mat te r  
t' 
TENTATIVE CONDITION 
tl 
k .  of daily routine. 
Cn 
(5) Can unassisted t ransfer  be made 
efficiently and a t  a reasonable ra te  
using conventional ladders  and s t a i r s  
within the range of requirement (2) ? 
INFOR MATION REQUIREMENT 
(6) What i s  the effect on performance a s  a 
function of t ime af ter  t ransfer  f rom 
one g-level to another within the range 
of requirement  ( 2 )?  
EXPERIMENT 
REFERENCE 
( 7 )  Can unassisted t ransfer  be made com- 
fortably using ladders  and s t a i r s  
within the range of requirement (3)  ? 
(8) Is there a residual decrease  in 
habitability af ter  such t ransfers  
within the range of requirement ( 3 ) ?  
(9) What is acceptable r a t e  for passive 
radial  t ransfer  ? 
(10) What i s  performance capability of 
the c rew a t  low g (, 05 -. 15g) and 
2-6 rpm: 
After adaptation to higher g? 
After adaptation to null -g ? 
(1 1) What i s  the effect of a varying 
schedule of null-g and rotation on 
crew physiology within the range of 
requirement  (1) ? Consider a 
range of 0 to . 66  
All I1 af ter  t ransfer  
111-9. 0 
I11 af ter  t ransfer  
11-7.0 
11-1.2, -3 
with p r io r  
specified 
-4, -5, -6 
condition 
I 1-3. 0 with interrupted g schedule 1-2, -4, -5, 
E. Crew will be required to utilize 
rotating a r e a s  af ter  perform - 
ing tasks a t  null-g over periods 
ranging f rom seve ra l  days to 
months. 
b Table A3. Information Requirements Evaluation - Uptimum Spacebase 
f 
-03 Design/Configuration Concept (2. ) (Continued) 
I?. Crew will be required to utilize 
rotating a r e a s  af ter  performing 
tasks  of varying duration under 
counter -rotation. 
(12) How will performance be affected 
over the range of variables of r e -  
quirements (2) and (9) for multiple 
daily transit ions from null-g 
rotation ? 
EXPERIMENT 
REFERENCE 
Q, 
TENTATIVE CONDITION 
(13) How will habitability be affected over 
the range of variables of require-  
ment  ( 3 )  for  multiple daily t rans i -  
tions from null-g to rotation? 
INFORMATION REQUIREMENT 
(14) If long periods of exposure to null-g 
resu l t  in deterioration of physio- 
logical condition, can the rotation 
exposure ranges of requirements 
( I ) ,  (4) and (10) stabilize o r  i m -  
prove physiological condition? 
(1 5) How i s  performance under the 
rotation range of requirements ( I ) ,  
(4) and (10) affected by long p r io r  
experience of null-g? 
(16) How i s  habita'bility affected by long 
pr ior  experience of null-g? 
(17) How will performance be affected 
over the range of rotation of r e -  
quirements ( I ) ,  (4), and (10) by 
pr ior  experience in counter-rotating 
environment ? 
(18) How will habitability be affected by 
pr ior  experience in counter-rotating 
environm ent 3 
All I 
All I1 
All I11 
All I1 
All 111 
Table A 3. Information Requirements Evaluation - Optimum Spacebase 
 design/^ onf iguration Concept (2. ) (Continued) 
TENTATIVE CONDITION 
G. Crew and cargo will have to be 
t ransfer red  between rotating 
and non-rotating compartments 
in  the hub area .  
H. Crew and cargo will have to be 
t ransfer red  between rotating, 
null-g and counterrrotating corn-. 
partments in the hub area. . 
INFORMATION REQUIREMENT 
(1 9) Is visual perception of rotating/non- 
rotating s t ructure dis orientating 
during t ransfers  over the range of 
conditions of requirement (3): 
F rom null-g to rotating area :  
With p r io r  rotation exposure ? 
With p r io r  null -g exposure ? 
F r o m  rotating a r e a  to null-g: 
With pr ior  rotation expsoure ? 
With pr ior  null-g exposure? 
(20) Does mechanical synchronization 
and shrouding offer a better approach 
than (18). 
(21)  Are there performance problems in-  
volved in making unassisted t ransfer  
over the range of variables of r e -  
quirement ( 3 )  with respect  to the 
t ransfer  of bulk cargo and s tores :  
F r o m  null-g to rotating area: 
With pr ior  rotation exposure ? 
With p r io r  null-g exposure ? 
From rotating a r e a  to null-g: 
With pr ior  rotation exposure? 
With pr ior  null-g exposure ? 
(22) How a r e  resu l t s  of requirements  
(18), (1 9) and (20) affected by t r an -  
s fer  of c rew and cargo from rotating 
to non-rotating to counter-rotating 
a r e a s  ? 
EXPERIMENT 
REFERENCE 
III- 
111 & I11 
II & I11 
Table A 3. Information Requirements Evaluation - Optimum Spacebase 
Design/Configu ration Concept (2. ) (Continued) 
-- 
00 
TENTATIVE CONDITION 
I. Crew may involve personnel 
who a r e  naive with respec t  to 
effects and experience of 
null -g and rotating environ - 
ment. 
INFORMATION REQUIREMENT 
(23)  Can training improve performance 
over the range of variables of r e  - 
quirement (2)  by shortening habit- 
uation t ime ? 
(24) Can training improve null-g pe r  - 
formance af ter  par t ia l  o r  full 
habituation to range of variables 
of requirement  (2 ) .  
EXPERIMENT 
REFERENCE 
All I1 
C 
0 Table A4. Information Requirements Evaluation - Interplanetary Vehicle 
' t' 
.. Configuration Concept (3-a) 
E -
TENTATIVE CONDITION I INFORMATION REQUIREMENT I EXPERIMENT REF ENCE 
Rotating g Interplanetary 
Nuclear H. T. Rigid Config. 
A. P M M  mission operations and 
crew living quar te rs  and 
facil i t ies a r e  located with the 
1s t  deck 60 ft. f rom center 
of rotation; angular r a t e  i s  at 
4 rpm to give "gl' levels be-  
tween 0.35 and 0.52. 
B. Crew members  have continuous 
duty for  long periods in rotating 
a r e a s  . 
C. Floors  not aligned with l inear  
acceleration vector.  Non 
alignment of visual ver t ica l  
and l inear  acceleration 
references.  
(1) Does range of O.35g to 0. 52g provide 
a sufficient environment to enable 
acceptable physiological condition for  
periods of 1000 to 1280 days, except 
for  t r ans i t  operations to visited 
planet ? 
'2) Can an acceptable level of c rew pe r  - 
formance of interplanetary mission 
activities be accomplished for periods 
from 1000 to 1280 days by the 
indicated conditions ? 
3) Is habitability of the PMM envolved 
via space station and space base  
testing acceptable for  c rew level of 
6 to 12 men for  periods up to 1280 
days ? 
4) Are  g-gradients over the three decks 
of the PMM acceptable for  mission 
control operations and habitability a s  
well a s  for  remoted experiment 
observations 
5) What i s  the effect of a lack of fixed 
celest ia l  references and non align- 
ment  of visual and vert ical  references 
within the configuration in perform - 
ance of tasks within the rigid rotating 
I configuration ? I 

d Table A 5 .  - Information Requirements Evaluation - Interplanetary Vehicle 
t' Configuration Concept (3-b) 
Interplanetary Null g configura- 
tion with support centrifuge. 
!=I TENTATIVE CONDITION 
A. The centrifuge i s  contained 
within the 3 3  ft. d iameter  of 
the planetary mission module 
(PMM) of a rigid interplane- 
t a r y  vehicle with nuclear high 
thrus t  and ion thrust  propul- 
sion. The centrifuge i s  used 
for  periodic conditioning of 
the crew. 
The centrifuge i s  capable of 
angular r a t e s  up to 15 rpm 
giving acceleration levels up 
to 0. 8g. 
Interplanetary null-g con- 
figuration with support 
centrifuge. 
B. The major  portion of the nul lg  
interplanetary configuration 
c rew tasks a r e  accomplished 
in  null-g af ter  par t ia l  o r  total 
habituation. 
INFORMATION REQUIREMENT 
C. Interplanetary crew will need 
to be able to withstand acce l -  
erations up to one g during 
maneuvers , plane tar y landings 
I & ea r th  atmosphere entry. 
EXPERIMENT 
REFERENCE 
ance wi th  thesuppor t  centrifuge 3 
What combination of artifical-g condition- 
ing and null-g exposure on a periodic 
'basis enables c rew to maintain accept- 
able physiological condition and perform - 
(1) Does range of 0. 5 g to 0. 8g provide 
sufficient c rew physiological con- 
ditioning s upport for interplanetary 
flights up to 1280 days at: 
4 hr s /day? 
8 h r s  /day? 
All I & All I1 
(2) Does periodic conditioning between 
0. 5g and 0. 8g provide sufficient con- 
ditioning to enable adequate c rew 
performance in null-g for  inter - 
planetary flights up to 1280 days 
duration ? 
(3)  Is the 0. 5g to 0. 8g a t  10 to 15 rpm 
acceptable with respec t  to ha'bitability 
during conditioning periods ? 
(4) Is null-g performance affected by 
p r io r  exposure to 0. 5 to . 8g level: 
for  4 h r s  per  day? 
8 hours pe r  day?  
Longer periods ? 
(5) Will periodic conditioning a t  0. 5 to , 
0. 8g a t  angular r a t e s  up to 15 rpm 
enable c rew to withstand braking, 
orbital  maneuver, and entry g levels ? 
All I 
All I1 
All I11 
All I1 
I 
P Table A6. ~nfomation-Requirements Evaluation - Interplanetary Vehicle 
& Configuration Concept (3-c) 
b3 - -
EXPERIMENT TENTATIVE CONDITION 1 INFORMATION REQUIREMENT I REFERENCE 
two compartments counter- 
rotating within the planetary 
mission module skill  s t ruc  - 
ture.  Floor  radius  i s  ex- 
pected to be 15.5 feet,  each 
chamber rotational r a t e  i s  10 
rpm. A six-foot ta l l  e r e c t  man 
is expected to experience 0.5 
at his feet  and about 0.3 g at 
top of his head. 
Mixed g configuration with internal 
rotating chamber 
A. Crew living quar te rs  and some 
operations control quar te rs  
and facil i t ies a r e  located in 
Crew members  may be in- 
volved in  subordinate vehicle 
flights o r  emergencies  r e  - 
quiring up to  severa l  weeks 
null-g expos ure . 
Does the proposed interplanetary vehicle 
configuration provide adequate physio - 
logical, performance, and habitability 
support to enable high probability of 
mission success  without i r recoverable  
damage to c rew m e m b e r s ?  
1) Does range of 0.3 to . 5g provide 
sufficient physiological support for  
1280 days at: 
8 h r s  /day? 
16 hr s /day? 
(2) Does the range of 0.3 to .5g  provide 
sufficient s upport for  the efficient 
performance of normal  activities ? 
Are the g-gradient effects and o 
effects present  detrimental to p e r -  
formance of normal  tasks ? 
After 8 h r s  null-g exposure? 
16 h r s  null-g exposure? 
Longer exposure? 
:2A) If performance i s  affected by p r io r  
null-g exposure, what is rehabit-  
uation period ? 
(3) Is the range of (0.3 to . 5g) acceptable 
with respec t  to habitability? Is  habit- 
ability in performing normal  activities 
acceptable a t  10 r p m ?  Is it g 
dependent ? 
Immediately af ter  exposure ? 
After 4-8 hours ? 
Table A 6. Information Requirements Evaluation - Interplanetary Vehicle 
Configuration Concept (3-c) (Continued) 
H TENTATIVE CONDITION I INFORMATION REQUIREMENT EXPERIMENT I REFERENCE 
Mixed g configuration with 
internal  rotating chamber 
Some of c rew may have con- 
tinuous duty in rotating areas .  
Arrangement of c rew quar t e r s  
indicates compartmentization 
inside the periphery of cylinder. 
F loors  and walls might not 
align with l inear  accel.  
vector. No alignment of 
ver t ical  re ferences  with l inear  
acceleration vector. 
B. Radial t ranspor te r  between 
living quar te rs  and hub i s  
suggested. 
After 8-10 hours? 
During severa l  (2  -8) months 
exposure ? 
(3A) Is g-gradient in this range a factor 
in degrading habitability ? 
After 8 h r s  null-g exposure ? 
1 6 hrs  null-g exposure ? 
Longer exposure ? 
(4) What i s  effect on habitability of walk- 
ing in various patterns and directions 
at: 
10 rpm ? a t  0.3 to 0. 5g 
Over f la t  o r  curved floors ? 
(5) What i s  effect on habitability of lack 
of visual ver t ical  references ? 
At 0.3 to 0. 5g 
After 8 h r s  null-g? 
16 h r s  null-g? 
Longer expos ur e ? 
(6) What i s  maximum radial  translation 
ra te  with respec t  to habitability a t  = 
1 0 rpm ? Does habitability a s  s es  s - 
ment vary  with radial  position? 
Does habitability assessment  vary  
with p r io r  null-g exposure ? 
After 8 h r s ?  
16 h r s ?  
Longer exposure? 
All I11 
All I11 
Backup radial translation by 
ladder i s  suggested. 
* Table A 6. Information Requirements Evaluation - Interplanetary Vehicle 
k Configuration Concept (3-c) (Continued) 
C. Crew & cargo must make abrup 
transfer between rotating and 
non-rotating compartments in 
hub area. 
TENTATIVE CONDITION 
(8) Can radial transfer from .434 to 0. 5g 
be accomplished comfortable with 
ladder ? 
At 10 rpm? 
Is prior null-g exposure a factor? 
INFORMATION REQUIREMENT 
I 
(9) Is visual perception of rotating/non- 
rotating structure disorientation 
during transfer  a t  = 10 rpm ? Does 
mechanical synchronization and 
shrouding offer a better approach? 
From null-g to rotating area: 
With prior  rotation exposure ? 
With prior null-g exposure ? 
From rotating a rea  to null-g: 
With prior rotation exposure ? 
With prior null-g exposure ? 
EXPERIMENT 
REFERENCE 
7)  Can radial transfer from .434 to . 05g 
be accomplished efficiently with 
ladder ? 
At 10 rpm? 
Is prior null-g exposure a factor? 
(1 0) What i s  performance capability a t  
(. 05g) hub a r ea?  Do techniques 
differ essentially from zero -g pro - 
cedures. Is prior exposure (null-g or  
a-g) a factor with regard to per-  
formance :7 
I1 
(1 1) Are there performance problems in- 
volved in making unassisted transfer 
a t  10 rpm ? Can manual transfer of 
bulk cargo and stores be accom- 
plis hed efficiently acros s rotating 
interface a t  = 10 rprn ? 
11 
F r o m  null-g to rotating area :  
With p r io r  rotation exposure ? 
With p r io r  null-g exposure ? 
F r o m  rotating a r e a  to null-g: 
With p r io r  rotation exposure? 
With p r io r  null-g exposure? 
Table A6.  Information Requirements Evaluation - Interplanetary Vehicle 
C Configuration Concept (3-c) (Continued) 
.E! 
D. A l a rge  portion of c rew activ- 
t ies  a r e  centered in  null-g 
a r e a s  and mus t  be accom- 
plished af te r  par t ia l  o r  total  
habituation. 
E. Counter -rotating elements a r e  
a popular concept for  simplify- 
ing interplanetary vehicle 
dynamics and control sys tems 
+ and in reducing reaction con- 
I 
rp t ro l  expendables, 
01 
EXPERIMENT 
REFERENCE I4 TENTATIVE CONDITION 
(12) Is  null-g performance affected b y  
pr ior  exposure to 10 rpm rotation: 
F o r  8 hours?  
F o r  16 hours?  
Longer per iods?  
If so,  how does performance va ry  
with p r io r  p ? 
INFORMATION REQUIREMENT 
(13) Is null-g performance effected b y  
pr io r  exposure to 0.3 to 0.  5g: 
F o r  8 hours?  
F o r  16 hours?  
Longer periods ? 
How long before habituation i s  
extinguished. 
14) Is  there  a tendency to space sickness 
a f te r  exposure to 10 rpm rotation: 
F o r  8 hours ? 
F o r  16 hours?  
F o r  longer periods ? 
1(15) IS visual perception of rotating/non- I 
I rotating s t ruc ture  disorienting during 1 I transit ion a t  = 10 rpm: - F r o m  posi'tive rotation to null -g to I I counter -rotation: With p r io r  null-g exposure ? I I With h r io r  rotation expos ure ? 1 
All I1 
All I1 
Table A 6. Information Requirements Evaluation - Interplanetary Vehicle 
's Configuration Concept (3-c) (Continued) 8 
(16) Are there performance problems in-  
volved in making unassisted t ransfer  
at  = 10 rpm: 
From positive rotation to null-g to 
counter -rotating: 
With prior  null-g exposure ? 
With prior  rotation exposure ? 
IP 
Q, TENTATIVE CONDITION 
(17) Can manual t ransfer  of bulk cargo be 
accomplished efficiently across  
rotating interface a t  = 10 rprn ? 
From positive rotation to null-g to 
counter -rotation: 
With prior  null-g exposure? 
With pr ior  rotation exposure ? 
(18) Is there a performance decrement 
after transition from positive 10 
rprn to null-g counter-rotation a t  
4 rprn ? How long 'before rehabit- 
uation is established? 
INFORMATION REQUIREMENT 
(1 9) Is there a habitability decrement 
after transition from positive 10 
rprn to null-g to counter-rotation 
a t  10 r p m ?  How long before 
rehabituation i s  established ? 
EXPERIMENT 
REFERENCE 
(21) Can training improve null-g pe r -  
formance of crew after partial  o r  
F. Crew may involve specialized 
personnel who a r e  naive with 
respect  to effects and experi- 
ence of null-g and rotating 
environment. 
All Category I1 
lnforma tion 
(20) Can training shorten habituation 
time with respect  to 0.3 to 0.5 g 
a t  = 10 rpm ? Can training improve 
performance in . 3  to . 5g/10 rpm 
environment ? 
All Cagetory I11 
Informa tion 
All I1 
U I full habituation to 10 rpm ? I 
-? 
Table A7.  Information Requirements Evaluation - Interplanetary Vehicle 
Configuration Concept (3-d) 
R --- 
TENTATIVE CONDITION 
Mixed "g" configuration with ex- 
ternally rotated crew module 
(PMM) mission operations and 
crew living quarters  a r e  located 
with the 1 s t  deck 75 feet from the 
center of rotation to give .4g to 
0.55g over the 3 decks. 
Crew members may be involved 
in planetary landing (MEM) 
model, experimental probe, 
sensor instrument, o r  crew r e -  
turn module servicing in prspa-  
ration null-'g areas. 
Current arrangement of PMM 
(planetary mission module) with 
operations and living quarters  
indicates radial compartmentation 
and a circular  a s  well a s  a central 
core. 
Some crew members may have 
.?  continuous duty in rotating areas.  
3 
I INFORMATIONREQUIREMENT 
(1) Does range of O.4g to 0. 55g provide 
a sufficient body workload environ- 
ment to enable keeping of man in an 
acceptable physiological condition for 
periods of 1000 to 1280 days ? 
(2) Does the range of O.4g to 0. 55g pro-  
vide a sufficiently stabilized environ- 
ment for efficient performance of 
interplanetary mission and survival 
activities for periods up to 1280 days? 
Are gravity gradient and o effects 
for this configuration interfering 
with human performance of tasks? 
After 8 hours null-g exposure? 
(2A) If performance i s  affected by prior  
null-$ exposure, what is artificial- 
g adaptation period before a crew 
man can return to narmal operations 
tasks ? 
(3) Is habitability of the PMM configura- 
tion envolved via space station and 
space base testing acceptable for a 
crew level of 6 to 12 men for periods 
up to 1280 days a t  g levels between 
0.4g and 0.55g, o of 4 rpm, and a 
radius equal to o r  greater  than 75 
feet? 
4) Are g-gradients over the three decks 
of the PMM acceptable for mission 
control operations and habitability, a s  
well a s  for remoted experiment 
EXPERIMENT 
REFERENCE 
I 
* Table A 7. ~nfomition Requirements Evaluation - Interplanetary Vehicle 
I Configuration Concept (3-d) (Continued) 
TENTATIVE CONDITION INFORMATION REQUIREMENT EXPERIMENT REFERENCE 
(5) What i s  effect of non-alignment of I A, 
visual and vertical references within IIC, B. 
the rotating P M M  configuration on 
performance of interplanetary mission 
tasks ? How does one maintain a com - 
patible se t  of references ? 
(6) How will transfer of personnel be IIA, 
accomplished between rotating and B, C. 
non-rotating segments of the mixed 
"gI1 interplanetary vehicle in mini - 
mum time with acceptable degradation 
in performance ? What is  transfer 
induced delay ? 
4 
0 
t' 
I3 
(5 Table A8. Information Requirements Evaluation - Optimum Interplanetary t? Vehicle Configuration Concept (4-a) 
H . . H EXPERIMENT TENTATIVE CONDITION I INFORMATION REQUIREMENT I REFERENCE 
Rotating configuration, nuclear 
h. t. rigid. PMM mission oper - 
ations and crew living quar ters  
and facilities location will be 
optimized to give acceptable 
physiological support and enable 
acceptable crew performance 
and habitability up to 1280 days 
with minimum weight penalty. 
What i s  the compromise combination of 
values of g-level (0.2-. 8g) angular 
velocity (2 to 6 rpm)  g-gradient/g-max 
(< 0. 5) which provides acceptable habit- 
ability, acceptable crew physiological 
condition, and acceptable crew perform- 
ance during interplanetary missions up tc 
1280 days with a reasona'ble weight 
penalty. 
(1) What i s  the combination of g-level, 
angular velocity, g gradient /g max 
which enables leas t  physiological 
degradation during interplane t a r  y 
flights up to 1280 days ? What i s  
change in physiological condition of 
, crew members  from optimum a s  a 
function of exposure t ime (0 to 1280) 
days, angular velocity (2 to 6 rpm),  
g level (0. 2-. 8), and g-gradientlg- 
max. (< 0. 5 ) ?  
(2) What i s  combination of g-level, 
angular velocity, g-gradientlg max 
' 
which enables maximum crew p e r -  
formance in the rigid interplanetary 
rotating configuration environment 
a s  a function of exposure t ime from 
0 to 1280 days? 
(2A) What i s  change in crew performance 
from optimum in the rigid rotating 
inter plane tar y vehicle configuration 
as a function of: 
!lw Table A8. Information Requirements -Evaluation - Optimum Interplanetary 
Total  exposure  t ime ? (2 to 6 r p m )  
Angular velocity (0.2 to  6 r p m )  
gAevel (0. 2 to 0. 8g) 
g-gradient/g max  (< 5) 
- 
I 
01 Vehicle Configuration Concept (4-a) (Continued) 
(3)  What is the combination of angular 
velocity, g-level, g-gradient lg-max 
which enables best  habitability during 
interplanetary flight f o r  per iods  up to 
1280 days ? 
(3A) What i s  the var ia t ion i n  habitability 
f r o m  optimum as a function of to ta l  
exposure  t ime  (0 to  1280 days),  
angular  velocity (2 to 6 rpm) ,  g l eve l  
(0. 2 to 0. 8), and g-gradient lg-max 
EXPERIMENT 
REFERENCE 
0 
TENTATIVE CONDITION INFORMATION REQUIREMENT 
Table A9.  Information Requirements Evaluation - Optimum Interplanetaw 
Vehicle Configuration Concept (4-b) 
u 
TENTATIVE CONDITION 
Null-g rigid interplanetary 
configuration, with nuclear high 
thrust  and low thrust  propulsion 
Crew operations control and 
living quar te rs  and facil i t ies 
a r e  located in the zero-g con- 
figuration with maximum access  
to mission subordinate vehicles 
and equipments 
INFORMATION REQUIREMENT 
Is  a null - g interplanetary vehicle con- . - 
figuration feasible with respec t  to main- 
tenance of acceptable c rew physological 
condition, performance, and habitability 
for flight periods up to 1280 days ? 
(1) What i s  the change in physiological 
condition of c rew members  living 
in the null-g a r e a s  a s  a function of: 
null-g exposure up to 1280 days? 
(1A) Is change hazardous to c rew?  
(2)  What i s  the change in c rew per form-  
ance capability in a spacebased null-g' 
g environment a s  a function of: 
Total exposure t ime up to 1280 days 
(3 )  What i s  the variation in habitability of 
a null-g spac ebas ed envi mnm ents as . 
a function of: 
Total exposure t ime ? up to 180 days 
(4) If c rew has had extensive null&-g ex- 
pos ure  in the interplanetary vehicle, 
can they tolerate accelerations during 
correct ive thrusting periods and 
accelerations up to one g expected 
during planetary orbi ta l  maneuvers 
braking, planetary landings, depart  - 
ure f rom visited planet, and entry 
into ear th ' s  atmosphere.  
EXPERIMENT 
REFERENCE 
All I 
All I 
All I1 
All I11 
Table A10. 11 
TENTATIVE CONDITION 
- - 
Null-g configuration with support 
centrifuge. The interplanetary 
configuration consists of a rigid 
configuration, with hybrid high 
thrust and ion thrust propulsion. 
A. Crew operations and living 
quarters a r e  located in a 
PMM module in null o r  very 
low-g. A support centrifuge 
i s  available to condition crew 
members while they a r e  also 
performing some useful tasks, 
sleeping, o r  participating in 
recreation. 
wtnation Requirements Evaluation - Optimum Interplanetary 
- Vehicle Configuration - Concept (4-c) 
INFORMATION REQUIREMENT 
What a r e  the best combination of cen- 
trifuge parameters and operating 
routines to enable interplanetary crew 
to achieve acceptable physiological con- 
dition and performance within acceptable 
discomfort and operations interference 
limits for interplanetary flights up to 
1280 days ? 
(1) What i s  the change in physiological 
condition of crew members period- 
ically rotated in a centrifuge a s  a 
function of: 
Total exposure time ? (up to 8 hrs / 
day) 
Angular velocity? (4 rpm to 10 rpm) 
g -level: (0. 08 to 0. 5) 
g-gradientlg-max (< 0.6? 
(IA) What useful activities may crew 
member accomplish while in con- 
dition centrifuge ? 
All I 
All I1 
(2 )  What i s  the change in crew perform- 
ance capability in a space -based null-g 
environment a s  a function of centrifuge 
conditioning ? 
Total exposure-time? (1 to 8 hrs/day) 
Angular velocity? (4 rpm to 10 rpm) 
g -level ? (0. 08 to 0. 5) 
g-gradientlg-max (<0.6)?  
EXPERIMENT 
REFERENCE 
s Table A 9. Information Requirements Evaluation - Optimum Interplanetaq 
t' Vehicle Configuration Concept (4-b) (Continued) 
- -- 
!4 TENTATIVE CONDITION INFORMATION REQUIREMENT EXPERIMENT I REFERENCE 
~ u l l - g '  rigid interplanetary con- 
figuration 
(5) If c rew has had extensive accumulated 
null-g exposure continuously in the 
interplanetary spacecraft ,  will they be 
able to perform effectively and safely 
during high thrus t  maneuvers,  braking 
and planetary landing acceleration 
profiles. 
(6) If c rew has had extensive accumulated 
null-g exposure continuously in the 
interplanetary spacecraft ,  will habit- 
ability of supporting operation control 
quar ters  appear habitable to them 
during relatively high g acceleration 
profiles ? 
A Table A 10. Information Requirements Evaluation - Optimum Interplanetary IP 
I Vehicle Configuration Concept (4-c) (Continued) 
en 
* 
TENTATIVE CONDITION I INFORMATION REQUIREMENT EXPERIMENT I REFERENCE 
( 3 )  What is the va r i a t i on in  habitability 
: of a spacebased centrifuge environL men t  a s  a function of: Total  exposure  t ime  ? 
Angular velocity? 
g -level ? 
g-grad ien t lg -max?  
F loor  shape and ver t ica l  re fe rence  ? 
Equipment design & orientation ? 
B. C r e w  will be  requi red  t o  
t r ans fe r  between centrifuge 
and null-g sect ions  of 
vehicle 
(4) What i s  the effect  of a g l t i m e  schedule 
on c r e w  physiology in  comparis ion to 
exposure  to  a continuous g-level 
within the range  of requi rement  (1) ? 
C. C r e w  will have operations,  
maintenance and inspections 
tasks  on equipment located 
i n  v e r y  low-g por t ions  of 
in terplanetary vehicle 
All 111 
(5) What i s  the per formance  capability of 
the c r e w  at null-g a f te r  centrifuge 
conditioning ? 
After adaptation to higher g ?  
After adaptation to nul l -g?  
D. C r e w  will be  requi red  t o  utilize 
rota t ing a r e a s  a f te r  per forming  
tasks  of varying duration a t  
All I 
(6) What i s  the effect  of varying schedule 
of null-g rotation on c r e w  physiology 
within the range of requi rement  ( I ) ?  
All I 
(7) How will per formance  be affected 
over  the range  of var iables  of r e -  
quirements  (2)  and (6) fo r  multiple 
daily t ransi t ions  f r o m  null-g t o  
rota t ion? 
null-g a s  a m a t t e r  of daily 
routine. 
Consider  a to:g/ta-g ;ange of 0 to 0. 8 
8 
I? 
X 
(8) b o w  will habitability b e  affected over  
the  range  of var iab les  of requi rement  
(3) f o r  multiple daily t ransi t ions  f r o m  
null-g to  rotation and r e t u r n  to null-g ? 
I 
VOL. I1 
Table A 11. fnformation Requirements Evaluation - Optimum Interplanetary 
Vehicle Configuration Concept (4-d) 
TENTATIVE CONDITION 
Mixed-g configuration with 
internal rotating chamber or  
chambers in a rigid interplane - 
t a ry  vehicle configuration capable 
high thrust with nuclear engine s 
and low thrust with ion pro- 
pulsion. Subordinate mission 
vehicles, work spaces, and 
laboratories likely to be located 
in null-g portions of configuration 
(1 imiting diameter of vehicle is 
-32 ft. I. D. ) (the configuration 
options a r e  affected by weight 
& cost limits a s  well as  by 
human performance survival, 
and comfort factors) 
A. Crew conditioning quarters 
located in rotating areas  will 
be adjusted to acceptable 
habitability while enabling 
maintenance of sufficient 
standards of crew perform- 
ance and physiological con- 
dition. 
INFORMATION REQUIREMENT 
What i s  best combination of angular 
velocity, g-level, g -gradient /g-max for 
internal rotating chamber ( s )  which 
enables acceptable physiological con- 
dition, interplanetary mission opera- 
tions performance, and habitability for 
interplanetary flights up to 1280 days ? 
(1) What i s  the change in physiological 
condition of crew members periodical 
conditioned in the rotating areas  a s  
a function of: 
Total exposure time? (some part of 
1280 days) 
Angular velocity? (5. 25 to 10 rpm) 
g -level ? (0. 15 to 0. 55) 
g-gradientlg-max? (< .5 in supine 
position) 
Is g-level of 0. 15 to 0. 55 adequate for 
long term space flight. 
EXPERIMENT 
REFERENCE 
All I 
Table A l l .  Information Requirements Evaluation - Optimum Ir 3 Vehicle Configuration Concept (4-d) (Continue 
t' 
H 
w TENTATIVE CONDITION I INFORMATION REQUIREMENT 
(extent of operations control 
and other facil i t ies in  the g 
environment i s  yet to be 
determined depending upon 
performance achievable . 
null-g on a routine basis.) 
B. Crew will 'be required to t r an -  
s f e r  between and function a t  
various g-levels ( radi i )  in the 
rotating a r e a s  in  the per form-  
ance of normal  duties. 
(2) What i s  the change in c rew perform - 
ance capability a s  resu l t  of con- 
ditioning in a spacebased rotating 
environment a s  a function of: 
Total exposure t ime?  ( 4 J o  per  day up 
to 1280 days) 
Angular velocity? (5. 25 to 10 rpm)  
g -level ? (0. 15 to 0. 55 g) 
g-gradient/g-max? (c . 5  in a supine 
o r  sleeping 
position. ) 
(3)  What is the variation in habitability 
of a spacebased rotating environ- 
ment  a s  a function of: 
Total exposure t ime?  (some '% of 
each day up to 
1280 days) 
Angular velocity (5. 25 to 10 rpm)  
g -level (0. 15 to 0. 55) 
g-gradient/g-max ( c  . 5  in special  
positions). 
Floor shape and vert ical  references.  
Room and corr idor  arrangement  
Eqslipm ent design and orientation. 
) What i s  the effect of g/t ime schedule 
on crew physiology in comparison to 
exposure to a continuous g-level within 
the range of requirement  ( I ) ?  
(5) Can unassisted t ransfer  be made 
efficiently and a t  a reasonable ra te  
using conventional ladders  and s t a i r s  
within the range of requirement ( 2 ) ?  
EXPERIMENT 
REFERENCE 
All I1 
All 111 
All I 
C r e w  will have some  ope r -  
at ions,  maintenance and 
inspections t a sks  on equip - 
ment  located i n  v e r y  low-g 
portions of the rota t ing a r ea .  
Optimization of location of 
such  equipment will b e  in- 
fluenced by abil i ty to  per form 
such  tasks  efficiently. Body 
of c r e w  m e m b e r  m a y  b e  at 
different g-levels due to  fa i r ly  
high g-gradient  during such  
tasks.  
Table A 11. Information Raqui rements Evaluation - Optimum Interplanetary 
> 
I Vehicle Configuration Concept (4-d) (Continued) 
D. C r e w  will  be  requi red  to  
utilize rotating a r e a s  a f t e r  
performing tasks  of varying 
8 duration a t  null-g a s  a m a t t e r  
F of daily routine.  
. 
u 
en 
00 TENTATIVE CONDITION 
(6) What i s  the effect on per formance  a s  
a function of t ime  a f t e r  t r ans fe r  f rom 
one g-level  to another with the range 
of requi rement  ( 2 ) ?  
(7) Can unassis ted t r ans fe r  be made  
comfortably using l adde r s  and s t a i r s  
within the range of requi rement  ( 3 ) ?  
(8) I s  t he re  a res idua l  dec rease  in  habit- 
abil i ty a f te r  such t r ans fe r s  within the 
range of requi rement  ( 3 ) ?  
(9) What i s  acceptable r a t e  f o r  pass ive 
rad ia l  t r ans fe r  ? 
INFORMATION REQUIREMENT 
(1 0) What is the per formance  capabil i ty 
of the c r e w  a t  low g (. 05-. 15g) and 
5 to 10 r p m  with f a i r l y  high grad ien t?  
After adaptation to  higher g ?  
After adaptation to null-g? 
After habituation to counter *rotating? 
EXPERIMENT 
REFERENCE 
I1 
I11 
All I11 
I11 
All I1 
(1 1) What i s  the effect of a varying 
schedule of null-g rotation on c r e w  
physiology within the range of r e  - 
' qui rement  ( I ) ?  
. . 
c o n s i d e r  a t 
o-g'ta-g range of 0 I to  . 66 
Table A 11. Inform ation Requirements Evaluation - Optimum Interplanetary 
Vehicle Configuration Concept (4-d) (Continued) 
b 
. 
U TENTATIVE CONDITION I INFORMATION REQUIREMENT 
(12) How will performance be affected 
over the range of variables of r e  - 
quirements (2)  and (9) for  multiple 
daily transit ions from null-g to 
rotation ? 
E. Crew will be requi red  to 
utilize rotating a r e a s  af ter  
performing tasks  at null-g over 
periods ranging from severa l  
days to months (as p a r t  of 
subordinate vehicle flights 
o r  unexpected emergencies)  
F. Crew may  be required to 
utilize rotating a r e a s  af ter  
performing tasks of varying 
duration under counter - 
rotation. 
b 
(13) How will habitability be affected 
over the range of variables of r e -  
quirement (3 )  for  multiple daily 
transit ions f rom null-g to rotation? 
(13A) What i s  minimum c rew t ransfer  
t ime to null-g emergency vehicle 
a r e a s  ? 
(14 )  If long periods of exposure to null-g 
resu l t  in deterioration of physio- 
logical condition, can the rotation 
exposure ranges of requirements 
( I ) ,  (4) and (10) stabilize o r  improve 
physiological condition ? 
(15) How i s  performance under the 
rotation range of requirements ( I ) ,  
(4) and (10) affected by long pr ior  
experience of null-g? 
(16) How i s  habitability affected by long 
p r io r  experience of null-g? 
(17) How will performance be affected 
over the radge of rotation of r e  - 
quirements ( I ) ,  (4), and (10) by pr ior  
. experience in  a counter-rotating 
environment ? 
-- 
All I1 
All I11 
All I 
All I1 
All 111 
All I1 
L 
Table A 11. Information Requirements Evaluation - Optimum Interplanetar~r 
(1 8) How will habitability be affected by 
p r io r  experience in a counter-rotating 
environment ? 
P 
I Vehicle -- Configuration - Concept (4-d) (Continued) 
Q) 
G. Crew and cargo will have to 
be t ransfer red  between rotating 
and non-rotating compartments 
in the hub area.  
0 
TENTATIVE CONDITION INFORMATION REQUIREMENT 
(1 9) Is visual perception of rotating /non - 
rotating s tructure disorientating 
during t ransfers  over the range of 
conditions of requirements (3): 
F r o m  null-g to rotating area:  
With pr ior  rotation exposure? 
With p r io r  null-g exposure? 
F rom rotating a r e a  to null-g: 
With pr ior  rotation exposure ? 
With pr ior  null-g exposure ? 
EXPERIMENT 
REFERENCE 
(20) Does mechanical synchronization 
and shrouding offer a better approach 
than (18)? 
(2 1) Are there performance problems in- 
volved in making unassisted t ransfer  
over the range of variables of r e  - 
quirement (3) with respect  to the 
t ransfer  of bulk cargo and stores:  
F rom null-g to rotating area:  
With pr ior  rotation exposure ? 
With pr ior  null-g exposure ? 
F r o m  rotating a r e a  to null-g: 
With pr ior  rotation exposure? 
With p r io r  null-g exposure ? 
All I11 
H. Crew and cargo will have to 
be t ransfer red  between 8 rotating, null-g, and counter - ? rotating compartments in the 
# hub area.  
(22) How a r e  resul ts  of requirements 
. (18), (19) and (20) affected by 
t ransfer  of c rew and cargo from 
rotating to non-rotating to counter - 
rotating a r e a s  ? 
4 Table A l l .  Information Requirements Evaluation - Optimum Interplanetary S Vehicle Configuration Concept (4-d) (Continued) 
TENTATIVE CONDITION I INFORMATION REQUIREMENT I ERX,",";M:: 
Mixed g configuration with 
in te rna l  rota t ing chamber  
I. C r e w  m a y  involve personne l  
who a r e  naive with r e s p e c t  
to  effects and exper ience 
of null-g and rotating 
environment.  
(23)  Can training improve per formance  
over  the range of var iables  of r e -  
qu i rement  (2 )  by shortening habit - 
uation t i m e ?  
(24) Can t ra ining improve null-g p e r -  
fo rmance  a f te r  pa r t i a l  o r  full 
habituation to range of var iab les  of 
requi rement  (2). 
All I1 
b 
I Table A12. Infomation Requirements Evaluation - Optimum Interplanetary 
Q, 
N Vehicle Configuration Concept (4-e) 
- - -  - 
I 
TENTATIVE CONDITION I INFORMATION REQUIREMENT EXPERIMENT I R E F E R E N C E  
Mixed g configuration with externally 
rotated crew module (PMM) ; mission 
operations and crew living quarters 
and facilities are located in the 
rotating PM. 
This compromise set  of crew 
operating conditions and routines, 
of course, i s  related to the weight 
penalty and vehicle costs allow- 
able and probably will be o'btained 
by a ser ies  of trade studies de- 
pendent upon inform ation obtained 
from a ser ies  of tests  in Skylab, 
the Space Station, and the Space 
Base. 
A. Crew operations and ljving a 
quarters  and facilities 
location in rotating areas  will 
be planned to give acceptable 
levels of habitability while 
maintaining s ufficient standards 
of crew performance and 
physiological condition. 
What i s  the best compromise com - 
bination of g-level (0. 2 to . 8g), angular 
velocity (2 to 6 prm), g-gradientlg-max 
number of transfers per day between 
null-g and artificial-g areas ,  and ratio 
of timespent in null-g and time spent in 
artificial-g to give acceptable inter- 
planetary mission crew physiological 
condition, performance, and habitability 
for flights up to 1280 days duration? 
(1) What i s  the change in physiological 
condition of crew members living in 
rotating areas  and working period- 
ically in non-rotating areas  for 
interplanetary flights up to 1280 
days as a function of the following: 
Angular velocity (2 to 6 rpm) 
g-level (from 0 to .8 )  
g -gradient/g-max (< .5)  
Table A12. Information Requirements Evaluation - Optimum Interplanetary 3 Vehicle Configuration Concept (4- e) (Continued) 
W L 
. 
TENTATIVE CONDITION I INFORMATION REQUIREMENT EXPERIMENT U I REFERENCE 
Number of t r a n s f e r s  
f r o m  artificial-g 
to null-g and r e t u r n  ( 0 to 10) 
zero-g to a r t i f i c ia l  
g-time ra t io  (0 to . 66) 
(2) What i s  the change in  c r e w  pe r fo rm-  
ance capabil i ty fo a mixed g environ-  
m e n t  with r e s p e c t  to a rotating living 1 qua r t e r s  environment  fo r  i n t e r -  
p lanetary flights up to 1280 days a s  a 
function of the following: 
Angular velocity ( f rom 2 to 6 
r p m )  
g-level f rom (from 0. 2 to 
6 r p m )  
g-gradient /g-max (< 0. 5) 
number  of t r a n s f e r s  f rom 
artificial-g to null-g and 
r e t u r n  p e r  day  (0 to  10) 
Null-g to a r t i f i c ia l  - 
g t i m e  r a t i o  ( 0  to  0, $6) 
(3)  What is the var ia t ion in habitability 
of a mixed g environment  f o r  in te r  - 
planetary flights up to  1280 days  
a s  a function of the following? 
Angular velocity ( f rom 2 to 6 r p m )  
g-level of a r t i f i c ia l  
g section. ( f rom 0.2 t o  6 
r p m )  
g-gradient lg-max ( 4 . 5 )  
Number of t r a n s f e r s  
f r o m  artificial-g to  Null-g and 
r e t u r n  p e r  day  (0  to 10) 
B. Crew will be required to trans- 
-fer  between and function a t  
various g-levels (radii) in the 
rotating areas  in performance 
of normal routines 
+ Table A12. Information Requirements Evaluation - Optimum Interplanetary 
f 
-- 
Vehicle Configuration Concept~ (4-e) (Continued) $ 
(4) What i s  effect of periodic changes of 
crew locations and routines (g /time 
schedule) on crew physiology in 
comparison to an optimum con- 
tinuous g-level within the range of 
values shown in requirement ( I ) ?  
(5) W i l l  conventional ladder and stairs  
enable acceptable transfer between 
g levels and decks at selected sets. 
of values within range of values 
shown in requirement ( Z ) ?  
EXPERIMENT 
REFERENCE 
TENTATIVE CONDITION 
(6) What is the effect on performance 
after transfer from one g-level to 
another within range of require- 
m ent (2) ? 
INFORMATION REQUIREMENT 
(7 )  Is unassisted transfer using ladder 
and stairs  within an acceptable com - 
fort  range within range of conditions 
of requirement (3) ? 
(8) Is there a decrease in comfort level 
after such transfers within the range 
of g-levels of requirement (3)?  
All I1 
All I11 
I (9) What i s  acceptable rate for passive 111 C. Interplanetary crew will have transfer ? I 
operations, maintenance and 
inspection tasks on equipment 
located in the very low-g por - 
tions of the rotating area. 
Efficient use and arrangement 
of such space will be influ- 
enced by ability of crew to 
El. 
(1 0)  Can the interplanetary crew accom - 
plished useful operations, main- 
tenance, and inspection tasks a t  low- 
g (0. 5 to 0. 15g) a t  2 to 6 rpm? 
All I1 
Table A 12. Information Requirements Evaluation-- Optimum Interplanetary d Vehicle Configuration Concept (4-e) (Continued) F 
Mixed g configuration with 
externally rotated crew module 
(PMM) 
# TENTATIVE CONDITION 
perform assigned tasks 
efficiency in that a rea  
D. Crew will use rotating areas  
after performing tasks of 
varying duration a t  null-g a s  
par t  of interplanetary mission 
equipment preparation, landing 
module readiness checks, and 
maintenance a s  well as  inter- 
planetary vehicle inspection ant 
maintenance. 
INFORMATION REQUIREMENT EXPERIMENT I REFERENCE 
a. After adaptation to higher-g? 
b. After adaptation to null-g ? 
c. After habituation to counter 
rotation? 
E. Crew may be required to 
utilize rotating areas  after per 
forming subordinate missions 
o r  emergency maneuvers a t  
or,  near null% for periods 
ranging from one half day to 
several weeks. 
(1 1) What i s  the effect of a varying sched- 
ule of null-g and artificial-g on crew 
physiology within the range of time 
sharing indicated in requirement (1) ? 
How periodic o r  regular should daily 
routines be? Consider a t 
range of O to .66.  o -g'ta-g 
12) How will crew post null-g perform- 
ance be affected over the range of 
variation of g-level and rotation 
rate that i s  indicated in require- 
ments (2) and ( 9 ) ?  
(13) How will post null-g habitability be 
affected in the rotating area  over 
the range of values shown for vari- 
ables of requirement (3) far multiple 
daily transitions to and from null g 
to artificial g? 
14) If a long period of null- g or  low-g 
exposure results in physiological 
deterioration what artificial g-levels, 
angular rates, and durations of r e  - 
quirements ( I ) ,  (4) and (10) will 
enable recovery o r  a t  least  decrease 
in rate of deterioration (stabilization)? 
All I11 
Table A 12. Information Requirements Evaluation- - Optimum Intesplanetary 
* 
I Vehicle Configuration Concept (4-e) (Continued) 
m - - -  - . --- - - - 
ail 
TENTATIVE CONDITION I INFORMATION REQUIREMENT EXPERIMENT I REFERENCE 
F. If the interplanetary vehicle 
uses counterrotating modules, 
the crew may be required to 
transfer from one to the 
other via a zero-g route. 
(15) How is crew performance under 
range of values of requirements set  
forth in ( I ) ,  (4) and (10) affected by 
exposure to one g immediately pre - 
vious long term period of null-g ? 
G. Crew and Cargo will need to 
be transferred between rotating 
and non-rotating compartments 
in the hub area (sometimes a 
round trip i s  made in quick 
sequence) 
All I 
(16) How i s  habitability in artificial g 
affected by exposure of crewmen 
to an immediately previous long 
term period of null-g? 
All I1 
(17) How will performance be affected 
over the range of values of require- 
ments of ( I ) ,  (4), and (10) by 
immediately prior experience in a 
counter -rotating environment ? 
(1 9) Is visual perception of rotating and 
non-rotating structure disorienting 
during transfer over the range of 
conditions of requirement ( I )  and 
(317 
From null-g to rotating area: 
With prior rotation exposure ? 
With prior null-g expos ure ? 
From rotating area  to null-g: 
With prior  rotation exposure 
All I11 
(18) Wow will habitability provisions of 
the rotating areas  be assessed by 
crew with immediately previous 
experience in a counter rotating 
environment? 
All I1 
(21) Are there performance problems in- 
volved in making unassisted tran- 
sfer over the range of variables of 
requirement (3)  with respect to the 
transfer  of bulk cargo and stores: 
From null-g to rotating area: 
With prior rotation exposure ? 
With prior  null-g exposure? 
From rotating area  to null-g: 
With prior rotation exposure? 
With prior null-g exposure ? 
d Table A12. Information Requirements Evaluation - Optimum Interplanetary 
t' Vehicle Configuration Concept (4- e) (Continued) 
El TENTATIVE CONDITION 
H. Crew and cargo will have to 
be transferred between 
rotating, null-g and counter- 
rotating compartments in the 
hub area. 
ment 
INFORMATION REQUIREMENT 
(20) Does mechanical synchronization 
and shrouding offer a better approach 
than (18). 
I. Crew may involve personnel 
who a r e  naive with respect 
to effects and experience of 
null-g and rotating environ- 
EXPERIMENT 
REFERENCE 
111 
(22) How a re  results of requirements (18), 
(19), and (20) affected by transfer of 
crew and cargo from rotating to non- 
rotating to countrer-rotaang areas? 
I1 
111 
(23)  Can training improve performance 
over the range of variables of r e -  
quirement (2) by shortening habit- 
uation time ? 
(24) Can training improve null-g per-  
formance after partial o r  full habit- 
uation to range of variables of r e -  
quirement (2).  
A l l  I1 
All I1 
Table A 13. Information Requirements Evaluation - 
Bioscience Centrifuge (5). 
- .  
I 2) Is the g-level (. 3 to . 6) sufficient to support experimental procedures sucl as  culture preparation, disection, fluid handling, slide preparation, etc. 
TENTATIVE CONDITION 
A. Bio-science lab may be habit- 
able rotating a r ea  with con- 
ditions similar to crew 
quarters.  (Estimate g-levels 
to be . 3 - . 6  at  80-110 ft. with 
rotation rates within the range 
of 2.75 to 4.75 rpm. ) 
:1) What i s  crew performance capability 
a t  . 3  to . 6g the range 2.75 to 4.75 
rpm ? 
Over an 8-hour period: 
For  rotation habituated person? 
For  counter -rotation habituated 
person? 
For  null-g habituated person? 
With frequent a-g/null-g transfers ? 
All Category I1 
INFORMATION REQUIREMENT 
B. Bio-science lab may use short 
radius centrifuge in null -g 
a rea  o r  attached experiment 
module with as  low a s  16.# -It. 
radius. Control specimens up 
to 1 -g may be required, r e -  
sulting in a rotation rate of 13. 5 
rpm. Units may be counter- 
rotated. 
d F 
. 
All Category I1 
EXPERIMENT 
REFERENCE 
(3) What i s  performance capability of 
crew members subjected to 6-13.5 
rpm at  short radius ? 
Over periods up to 4 hours: 
For  rotation habituated person? 
For  counter -rotation habituation? 
For null -g habituation ? 
With frequent a-g/null-g transfers ? 
(4) Can active transfer between rotating 
and non-rotating s t r u c t ~ r e  be accom - 
plished safely and efficiently for 
rotation rates up to 13. 5 rpm or  must 
mechanical synchronization be em - 
ployed? Wi l l  visual perception of 
rotating and stationary structure be 
a problem ? 
Table A 14. Information Requirements Evaluation - Other Integrated 
L' Program Plan Systems 
Y -. 
H 
TENTATIVE CONDITION I INFORMATION REQUIREMENT EXPERIMENT I REFERENCE 
A. E a r t h  to orbi t  shuttle (EOS). 
Operations subject c r e w /  
passengers  to acceleration 
schedule during r e tu rn  from 
orbi t  af ter  habituation to the 
space base environment. 
EOS ent ry  may  a lso  be r e -  
quired af te r  long null-g ex- 
pos ure  in other  facilities. 
2 )  Can the EOS c rew perform efficiently 
and safely during the entry maneuver 
af ter  habituation to rotation in  the 
space base o r  must  they remain in 
the null-g a r e a s  of the base  ? 
(3)  If c rew o r  passengers  have had ex - 
tensive null-g exposure in the space 
base o r  other facil i t ies,  will they be 
able to tolerate the EOS entry acceler- 
ation profile ? Will extreme discomfort 
r e su l t ?  
(1) Can passengers  tolerate  the reent ry  
and normal  one -g acceleration profile 
with respect  to physiological con- 
dition af ter  exposure for  60-90 days 
in the variable null-g frotation 
environment of the space base ? Will 
extreme discomfort r e su l t ?  
Category IIBI, IA 
Category IB1 
4) If c rew has had extensive null-g ex- 
posure in the space base,  will they be 
able to perform effectively and safely 
when subjected to the entry acce ler -  
ation pr ofile ? 
Category IIBl, IA 
B,. Space tug & nuclear shuttle 
operations will subject c rew 
and passenbers  to periodic 
high accelerations and periods 
of null-g. This m a y  occur af ter  
habituation to the space base 
1 
Q) environment. 
ec, 
(5) Can crew and passengers  tolerate the 
operational acceleration profiles of the 
tug o r  shuttle with respect  to  physio- 
logical condition af ter  exposure for  up 
to 90 days i n  the variable null-g 
artif icial-g environment of the space 
base ? Will extreme discomfort 
r e su l t ?  
Category IB1 
Table A 14. Information Requirements Evaluation - Other Integrated a 
1 Program Plan Systems (Continued) 
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n 
TENTATIVE CONDITION I INFORMATION REQUIREMENT 
. Lunar space station; fuel 
depot; synchronous operations. 
Crew and passengers  may 
re turn  to space base af ter  
long null-g exposure a t  these 
facilities. 
(6) Can crew perform efficiently and 
safely during tug o r  shuttle operations 
a f te r  habituation to rotation in the 
space base o r  must  they condition to 
null-g pr ior  to  miss ions?  
D. Lunar station o r  svnchronous 
Category IIB 1, IA 
station may be nuli-g. 
(7) If tuglshuttle c rew o r  passengers  
have had extensive null -g exposure 
in the space base,  will they be able 
to tolerate  the acceleration profiles 
involved? will extreme discomfort 
r e su l t ?  
8)  If tuglshuttle c rew o r  passengers  have 
had extensive null-g exposure in  the 
space base,  will they be able to per  - 
form effectively and safely when 
subjected to the acceleration profiles 
involved ? 
9) If physiological deterioration has 
resul ted from long null-g exposure, 
will the rotational environment 
available a t  the space base provide 
reconditioning? What duration is r e  - 
quired? 
If space base environment i s  inade - 
quate, what g-level and duration is 
requi red?  
10) Can low-g, shor t  radius internal 
rotating a r e a s  be utilized effectively 
for  intermittent operational support 
in c r i t ica l  a r e a s  (hygiene, bench 
tasks,  s ick bay, etc. ) 
Category IIAl, 3 ,  4, ; 
IIB 
Table A 14. Information Requirements Evaluation - Other Integrated d Program Plan Systems (Continued) 
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fi TENTATIVE CONDITION 
b 
I 
4 
)--L 
INFORMATION REQUIREMENT 
(1 1) If physiological  de te r io ra t ion  r e su l t s  
f r o m  long null-g exposure ,  c an  
per iod ic  high-g exposure  provide  
recondit ioning? If so,  what i s  g- t ime 
schedule?  
EXPERIMENT 
REFERENCE 
All Ca tegory  I excep t  
IA2b 
ABSTRACT 
These documents are the final study report prepared under Contract NAS 1-9904, 
"A Study of Orbital Centrifuge Experiment Performance Options and Cost. '* The study 
was performed by Convair Aerospace division of General Dynamics for the Langley 
Research Center, National Aeronautics and Space Administration, Hampton, Virginia. 
The study assembles comparative information with regard to a comprehensive 
group of artificial-gravity/zero-gravity experiments and the vehioles o r  systems which 
may be employed in their performance. The Experiment Performance Options (EP0s)- 
ranging from simple, internal, rotating devices to rotatable major vehicles - are con- 
ceptually designed and &alyzed to establish their operating characteristics. Experi- 
ments are defined in detail and evaluated in conjunction with the EPOs to determine 
how well the objectives of each experiment are met. Study results are assembled in 
an Information Matrix for convenient comparison of all pertinent EPO characteristics. 
The full report, GDC-DCF70-004, is presented in three volumes: 
Volume I, NASA CR-111937, Summary 
Volume II, NASA CR-111938, Centrifuge/~kylab/Space Station EPOs 
Volume JII, NASA CR-111939, Space Shuttle Compatible EPOs 
GENERAL DYNAMICS 
Convair Aerospace Division 
